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INTRODUCTION 


CARLOS  MCDONALD.  Physicist 
Project  Director 


This  progress  report  is  a  summary  of  researGh  studies  and  asso-^ 
Giated  developmental  aotivities  performed  by  the  Schellenger  Researeh 
Laboratories,  Texas  Western  College,  El  Paso,  Texas,  under  the  tJ.  S. 
Army  Signal  Corps  Grant  Number  DA“S1G*36^039^62'‘G17,  "Determination 
of  Atmospheric  Parameters  by  Aeoustie  Means,  "  during  the  period  from 
November  14,  1961,  to  June  25,  1962. 

In  aCGordance  with  the  proposed  program,  during  this  initial  period 
of  the  studies  emphasis  was  placed  on 

1.  Survey  of  Literature  (Sec.  1*1); 

2.  Theoretical  and  experimental  investigation  of  problems  inherent 
in  performing  acoustic  measurements  in  the  upper  atmosphere 
by  means  of  devices  on  moving  platforms  (Secs.  1*2,  1*3,  1*4, 
and  1*5); 

3.  The  theory,  design,  development,  and  testing  of  an  air*borne 
acoustic  interferometer  (referred  to  as  the  "Sonotherm"  in 
this  report)  for  performing  local  acoustic  measurements  in  the 
upper  atmosphere  (Sees.  11-6,  11*7,  II-8,  and  111*10). 

The  air -borne  acoustic  interferometer,  or  Sonotherm  system  pre¬ 
sently  under  development  (Secs.  11-7,  II-8)  is  based  on  a  theoretical  study 
(Sec.  II-6)  and  previous  work  performed  at  Schellenger  Research  Labora¬ 
tories.  The^r^iie^l  and  experimental  results  (Secs.  II-6,  III- 10)  indicate 
that,  with  the  Sonotherm  system,  local  upper  atmospheric  acoustic  measure 
ments  of  sound  velocity,  sound  absorption  and  acoustic  impedance  are 


possible  up  to  altitudes  Of  at  least  150,  000  ft.  From  these  measurements, 
atmospheric  temperature,  density  or  pressure,  and  viscosity  effects  can 
be  determined.  Also,  due  to  its  construction,  its  compactness,  and  its 
Simple  electronic  circuitry  requirements,  it  is  suitable  for  either  balloon^ 
borne  or  rocketsonde  applications. 

In  conjunction  with  the  development  of  the  Sonotherm  system,  theo¬ 
retical  and  experimental  studies  were  made  on  the  various  effects  which 
could  reduce  the  accuracy  of  the  acoustic  measurements  by  the  Sonotherm 
or  any  other  air -borne  acoustic  device.  The  effects  investigated  included; 

1.  Sound  dispersion  and  non-ideal  gas  effects  (Sec.  1-2); 

2,  Thermal  and  radiation  effects  by  the  sound  transducers  on  the 
acoustic  measurements  (Sec.  1-3,  1-4); 

3.  Thermal  boundary  layer  effects  on  the  acoustic  interferometer 
measurements  (Sec.  1-5); 

4,  Wind  and  altitude  effects  (Sec.  II-6,  part  3), 

From  the  above  studies,  net  only  were  the  magnitudes  of  the  various 
effects  on  the  performance  of  the  Sonotherm  determined,  but  they  also  indi* 
eated  various  ways  by  which  the  above  effects  could  be  minimized  or  elimi¬ 
nated. 

Environmental  testing  of  an  experimental  Spngtherm  system  was  per¬ 
formed  in  the  Schellenger  Research  Laboratories'  climate  ehamber  (See, 

III- 10)  in  order  to  determine  the  Sonotherm's  ability  to  measure  the  desired 
acoustic  parameters  under  the  expected  environmental  conditions,  and  also 
to  verify  and  determine  the  various  effects  described  previously.  One  of 
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the  problems  enGOuntered  in  environmental  testing  was  the  need  of  a  refer¬ 
ence  device  to  measure  the  air  temperature  accurately  at  low  atmospheric 
pressures.  As  a  result,  an  acoustic  thermometer  is  under  development 
(See.  Il“9)  for  use  in  the  environmental  chamber.  At  the  same  time,  there 
is  a  possibility  that  it  can  be  adapted  for  baJloon^borne  temperature  measure 
ments  in  the  upper  atmosphere. 

The  sections  which  follow  contain  detailed  reports  of  the  theoretical 
and  experimental  studies  summarized  above.  An  abstract  of  each  report 
is  included  below: 

Section  I-i.  Survey  of  Literature  in  the  Field  of  Atnaospheric  Acoustics 
By  Richard  C.  Montgomery. 

A  review  of  literature  pertinent  to  the  field  of  atmospheric  acoustics 
is  summarized.  The  historical  development  of  acoustic  means  of  investi¬ 
gating  gas  properties  is  discussed,  and  recent  developments  of  acoustic 
devices  for  measuring  temperature  in  the  upper  atmosphere  are  reviewed. 
Section  1*2,  Nonjdeal  Qas  and  Dispersion  Effects  on  the  Speed  of  Sound 
By  E.  Alan  Dean. 

The  speed  of  sound  in  air  is  investigated.  The  nonideal  gas  effect 
and  the  dispersion  due  to  vicsothermal  and  rotational  absorption  is  formu* 
lated.  The  negleetion  of  the  effect  of  water  vapor,  due  to  both  a  change  in 
molecular  mass  and  the  excitation  of  oxygen  vibration,  limits  the  formu¬ 
lation  to  low  humidity  regions  above  the  tropopause. 

Section  1*3.  Thermal  and  Radiation  Effects  on  Acoustic  Measurements  in 
the  Upper  Atmosphere  *  By  R,  C-  Montgomery, 
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A  study  is  made  of  the  heating  effects  of  the  transducers  Of  air^ 
borne  acoustic  devices  on  moving  platforms.  It  is  assumed  that  the 
transducer  can  be  treated  as  a  flat  plate,  and  the  equations  describing 
the  boundary  layer  development  and  their  heat  transfer  coefficient  are 
derived.  Computations  are  made  for  several  different  eases,  to  show 
the  relations  between  the  transducer  temperature  and  altitude,  reflection 
coefficient,  and  other  parameters.  Finally,  equations  are  derived  to  find 
the  variation  of  transducer  temperature  with  the  parameters  generated  by 
certain  atmospheric  models  and  fall  rates. 

Section  1^4.  Numerical  Analysis  of  Heat  Balance  EguaUqn  ^  By  H, 
Launspach,  Jr. 

The  temperature  history  Of  the  transducer  element  of  the  air¬ 
borne  acoustic  interferometer  (Sonotherm)  was  obtained  from  a  differential 
equation  representing  the  transducer  temperature  as  a  function  of  time. 
After  investigation  of  simplified  heat  balance  equations,  the  differential 
equation  was  solved  numerically  by  the  Runga-Kutta  method  with  the  aid 
of  the  Bendix  G-15  digited  computer.  Results  of  simulated  balloon  flights 
up  to  155,000  feet  altitude  and  simulated  parachute  flights  from  220,000 
feet  to  5,  000  feet  altitude  are  given  in  graphical  and  tabular  form. 

Section  1^5.  Thermal  Boundary  Layer  Effects  on  the  Sonotherm  Acoustic 
Interferometer  -  By  Eyung^Wha-Kang. 

The  sound  propagation  between  the  transducers  of  the  Sonotherm 
acoustic  Interferometer  is  analyzed  when  thermal  boundary  layers  are 
present  on  the  transducer  faces.  Exact  and  approximate  expressions,  in 
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terms  of  sipecifiG  aGOustie  impedanGe,  are  derived  for  determininf  the 
maximum  receiver  sound  pressure  as  a  funGtion  Of  sound  frequeney, 
thermal  boundary  layer  thiokness,  and  the  temperature  differenee  be¬ 
tween  the  air  and  the  transducer  faces.  It  is  determined  that  a  knowledge 
of  the  sound  frequencies,  corresponding  to  two  suecessive  sound  pressure 
maximums  on  the  receiver  face  can  be  used  to  determine  the  temperature 
of  the  undistributed  air  medium  and  the  thermal  boundary  layer  thieknesSi 
Section  11-6.  Air-borne  Acoustic  Interferometer  (Sonotherm)  for  Atmos¬ 
pheric  Measurements  -  By  Carlos  McDonald, 

An  airborne  acoustic  interferometer  (Sonotherm)  for  performing 
local  acoustic  measurements  in  the  upper  atmosphere  is  theoretically  de^ 
Scribed.  Unlike  typical  interferometers,  the  Spacing  between  the  sound 
transducers  is  held  fixed  while  the  sound  frequency  is  varied.  The  stand¬ 
ing  wave  sound  pressure  as  a  function  of  frequency  is  related  to  the  speed 
of  soundj  sound  absorption  and  acoustic  impedance.  Relations  between  the 
acoustic,  mechanical  and  electrical  characteristics  are  derived.  Thermal, 
wind,  and  altitude  effects  on  its  operation  and  accuracy  are  analyzed  and 
determined.  Due  to  its  inherent  compactness  and  simplicity,  it  is  suitable 
for  balloon  or  rocketsonde  applications.  It  is  estimated  that  local  speed  of 
sound  measurements,  corresponding  to  a  temperature  deterimnation  to 
within  one  degree,  can  be  made  up  to  altitudes  of  65km. 

Section  n-7.  Preliminary  Design  and  Development  of  the  Sonotherni  Flight 
Unit By  Paul  Dano 

The  preliminary  design  and  development  of  the  spnotherm  flight! 

5 


unit  is  summarized.  It  inGludes  a  desGription  of  the  sound  transducers, 
the  associated  electronic  circuitry,  and  the  overall  operational  charac- 
teristies.  A  description  of  the  environmental  testing  procedure  is  also 
included. 

Section  II -8.  Design  and  Development  of  the  Sonotherm  Ground  Detection 
System  -  By  T.  L.  Henderson  and  Carlos  McDonald. 

The  telemetered  signal  from  the  Sonotherm  flight  unit  will  consist 
of  a  frequency -“amplitude  modulated  waveform.  In  order  to  obtain  infor^ 
mation  regarding  the  speed  of  sound,  the  antiresonant  frequency,  corre^ 
spending  to  the  maximum  amplitude  of  the  Sonotherm  signal  has  to  be 
deternuned.  This  report  summarizes  the  various  electronic  techniques, 
under  development  o  r  investigation,  by  which  the  antiresonant  frequency 
can  be  determined.  Theoretical  and  experimental  evidence  indicates  that 
the  proposed  electronic  techniques  will  be  reliable  and  capable  of  perform- 
ing  the  desired  measurements  to  any  degree  of  accuracy  required. 

Section  II -9.  Acoustic  Thermometer  for  Environmental  Testing  - 
By  H,  N.  Ballard. 

An  acoustic  thermometer  was  discussed  in  a  Schellenger  Research 
Laboratories  publication.  Response  Time  and  Effects  of  Radiation  on  the 
Veco  Bead  Thermometer,  April  7,  1961.  The  operation  of  the  thermistor 
has  been  improved  to  the  extent  that  the  uncertainty  in  the  determination 
of  the  time  of  travel  of  the  sound  pulse  between  the  speaker  and  the  micro¬ 
phone  has  been  reduced  to±l@sec,  corresponding  to  an  accuracy  of  ±0.  S^Gun 
the  determination  of  the  chamber  air  temperature  over  a  range  from  -86® 

to  +25®C  and  at  a  pressure  of  670  mm  Hg. 
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Section  III- 10.  Environmental  Testing  of  the  Sonotherm  System  - 
By  Paul  Dano  and  Carlos  McDonalds 

This  report  surnmarizes  the  results  of  the  environmental  testing 
program  of  the  Sonotherm  system.  The  testing  progrann  consisted  of 
various  experiments  per  formed  in  order  to  verify  and  determine  the  mag¬ 
nitude  of  air  density,  thernial,  and  wind  effects  on  the  accuracy  and  oper¬ 
ation  of  the  Sonotherm  system.  It  is  shown  that  the  experimental  results 
are  in  general  agreement  with  theoretical  predictions. 
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Section  I 

mRW[  Of  LITERATURE  AND  TEBORmCAL  INVESTEOATION 


Survey  Of  Literature  In  the  Field  of 
AtaBost^erie  Acoustics 

Richard  C.  MOntganery 
Riysiclst 


SCEELLENGER  RESEARCH  LABORATORIES 
Texas  Western  College  H  Paso,  Texas 


StXRVET  CF  IITERAIURE  IN  TM  FIELD  Of 
A^OSPKESRIC  ACOUSTICS 

AGd\istlG  means  of  measuring  various  pbysleal  parameters  have  been 
studied  for  many  years.^®  Temperature  emd  frequeney  d^eadenee  of  the 
of  the  velocity  of  sound>^®  absorption  GharacteristiGS,^®  speGifiG  heat 

moieGular  structure®^**®,  dispersion  and  heat  Gapacliy®^’^,  and 
many  other  properties  of  solids,  liquids  and  gases,  have  been  probed, 
and  many  suGGessful  teGhnlques  have  been  evolved. 

One  of  the  earliest  suggested  uses  of  acoustiG  investigation  was 
that  of  determining  tenperatvire,  an  idea  usually  credited  to  Msyer^  in 
1873 •  for  a  period  of  about  fifty  years  following  Mayer's  s\jggestioas, 
a  number  of  experiments  were  performed  in  studying  the  veloeily  of  sound 
in  various  media.  In  general,  the  trend  of  the  research  undertaken  at 
the  time  was  to  more  aecurately  determine  the  velocity  of  sound.  Over 
a  period  of  time  the  velocity  of  sovmd  in  dry  air  was  thoroughly  in^ 
vestigated,  usually  by  resonant  tube  techniques,  and  interest  in  the 
use  of  acoustics  slowly  faded. 

In  1923  G.W.  Pierce®  began  an  intensive  investigation  of  the  velo^ 
city  and  absorption  of  ultrasonlG  soxnid  in  various  gases.  Using  a  device 
consisting  of  a  driven  quartz  crystal  and  a  reflector,  and  detecting 
changes  in  resonant  frequency  and  power  loss,  he  observed  a  number  of 
interesting  phencnsena. 

Pierce's  investigations  led  to  a  great  revival  of  interest  in  the 
use  of  acoustics  as  a  scientific  tool,  ^e  reasons  for  this  renewed 
interest  is  demonstrated  in  the  following  quotation^®;  "^e  absorption  of 
axidible  so\siid  in  a  gas  medium  is  very  small.  However  it  has  loxig  been 


Imown  that  the  absdi^tloh  increases  with  increasing  frequency  of  the  sound. 

In  1911  Lebedev  (Peter  Lebedev,  Ann.  d.  Physih  55>  7l>  1911)  published  a 
paper  in  vhlch  the  adsorption  of  high  frequency  sound  in  air  vas  treated 
from  a  theoretical  point  of  view.  This  article  and  one  by  Neklapajeff 
(Neklapajeff,  Ann.  d.  Physik  35i  175>  1911)  on  an  esq^erimental  determtaatlon 
of  the  adsorption  helped  suggest  l^t  more  accurate  data  on  adsorption 
might  throv  some  light  on  moleciilar  structure,  in  an  unpublished  lnves« 
tigatlon  by  G.  £.  Babum  It  vas  discovered  that  CO^  absorbs  sound  of  fre» 
quency  100,000  to  300,000  cycles  per  sec.  to  such  an  extent  that  is  alaost 
opaque  to  it.  iSiis  excessive  absorption  has  since  been  verified  by  the 
author  by  tvo  Independent  methods.  G.  W.  Pierce  (g.  W.  Pierce,  Proc.  Amer. 

Ac£id.  Arts  and  Sciences  60,  271,  19^5)  nnd  T.  P.  Abello  (T.  P.  Abello, 

Proc.  Nat.  Acad.  Sci.  13,  699,  1927;  also  Pbys.  Rev,  31,  IO83,  1928) 
refer  to  it  also. 

It  is  a  familiar  fact  that  the  velocity  of  sound  varies  vith  the  in^ 
tensity.  Such  a  change  in  velocity  vas  observed  and  recorded  by  Regnault 
in  connection  with  his  e;q)eriments  in  1863  on  the  velocity  of  sound  in  the 
newly  laid  Paris  water  pipes.  Regnault  states  that  the  velocity  decreases 
as  the  intensity  diminishes  but  that  a  llMting  velocity  of  330.6  m  per  sec. 
for  feeble  soiuids  is  soon  reached.  A.L.  Fol^  (A.L.  FOley,  Ffays.  Rev,,  16,  449, 
1920)  observed  a  similar  decrease  in  velocity  in  1920.  H,0,  Taylor  (H.O,  Taylor  , 
Phys.  Rev.,  Vol,  2,  270,  1913)  records  a  diminished  wavelength  in  a  highly  at>^ 
sorbing  tube,  Hitchcock  (R.C,  Mtchcock,  Proc,  1^,^  15,907,  1927)  ?*e^ 
ported  that  the  velocity  of  the  waves  from  a  vibrating  crystal  is  a  function 


of  the  energy  which  the  crystal  radiates  and  he  obtained  a  value  in  air  nearJy 
twice  the  velocity  of  ordinary  sound  waves.  No  other  record  of  a  variation  in 
the  velocily  with  intensity  for  a  continuous  low  or  high  frequency  sound  has 
been  found  by  the  author.  Both  regnant's  and  Foley's  observations  were  on 
sound  pulses." 

In  the  years  following  Pierce's  original  use  of  the  interferometer  a 
great  deal  of  experimentation  was  done,  and  the  operation  of  the  interferon 
meter  was  greatly  iiproved.  such  an  extensive  quantify  of  material  was  pubn 
lished  in  these  years  that  it  is  impractical  to  describe  the  e^eriments 
performed  and  the  apparatus  built.  Along  with  the  experiments,  a  great  deal 
of  theoretical  work  was  done,  first  on  the  single  cxrystal  Pierce“type  intern 
ferometer,^^  and  later  ou  the  double  crystal  variely.  A  most  extensive 
theoretica]  discussion  of  the  double  ciystal  interferometer  is  given  by  Fry.^^ 

An  excaaple  of  the  more  practical  aspects  of  acoustic  measurements  in  re* 
cent  years  was  the  use  of  this  method  by  Livengood^^,  Rona,  and  Baxruch  to 
measure  the  temperature  of  burning  gases  in  an  automobile  engine.  Using  a 
pulse  l^e  system,  consisting  of  two  barium  titanate  transducers  corpled 
through  brass  rods  to  the  combustion  chamber,  to  measure  transit  time  through 
the  Combustion  gases>  Livengood,  et.  al.,  esMmated  that  th^  had  an  accura^ 
of  better  than  ^  uader  the  following  conditions : 

(1)  Pressure  15  to  700  PSIA 

(2)  ^  in  excess  of  200,000  psli/sec. 
dt 

(5)  Temp  lOO’F  to  UCOQ-P. 

(k)  M  in  excess  of  100,000®F  /  see. 
dt 


Of  inore  direct  Interest  is  that  work  which  has  been  done  in  the  past  15  years 

on  the  determination  of  ten^erature,  and  other  ahnospheric  parameters  by  aeons  tic 

means  i  in  19^9^  mh  acoustic  thermometer  was  proposed,  built  and  tested  by  Bars 

rett  and  Suoml^^  at  Ihe  ttoiversl^  of  CMcago.  Ibe  device  eonslsted  essentially 

of  a  crystal  transmitter  and  receiver,  set  up  so  that  pulses  incident  on  the  re^ 

ceiver  were  anplifled  and  applied  to  the  transmitter.  The  transit  time  of  the 

acoustic  signal  was  determined  by  measuring  the  repetition  rate  of  the  pulses. 

Several  of  the  problems  which  arise  when  using  acoustic  means  are  discussed  in 

the  article.  The  effect  of  finite  amplitude  on  the  velocity  of  sound  was  con^ 

sidered,  but  neglected,  due  to  the  very  small  anplitudes  used.  It  was  pointed 

out  that  y  ,  the  ratio  of  specific  heats,  could  not  necessarily  be  considered 

constant,  except  over  a  small  frequency  range,  and  was  definitely  affected  by 

gas  cemposition  and  humidity. ^e  relation  used  to  connect  the  speed  of  sound 

to  temperature  was  an  empiricc^  one 

c  =  20.067  [1(1+0.3192  e/p)  ]  ^ 

e  9  vapor  pressure 
p  emft>lent  pressure 

from  Isldi.-*. 

The  conclusion  of  the  mrticle  reads,  "!Ds  sunneay,  it  may  be  safely  con^ 
eluded  that  the  sonic  technique  of  temperature  measurement  constitutes  a  major 
improvement  over  other  precedures  because  of  (a)  its  indifference  toward  radi<- 


ation>  (b)  its  measurement  of  a  property  Of  the  air  directly  related  to  air 
temperature j  vi-Uiout  the  use  of  inteii^diate  matter  \diieh  must  establish  1^er^ 
mal  epiillbrlim  with  the  air,  (c)  its  inherent  freedom  fr^  l^e  es^nential 
time  lag  associated  with  ordinary  thermometers,  Euid  (d)  its  utill-ty  in  con^ 
nectlon  with  space  integrations  of  air  teoperature  to  obtain  more  represent^ 
ative  values  for  synoptic  stipes." 

Two  other  souces  of  acoustic  measurement  which  have  been  found,  but  about 
\diich  little  information  is  available  are:  a  "sonic  temperature  transducer" 
has  been  commercially  produced  by  Cambridge  ^sterns,  Inc.,  Waltham,  Mass.,  but 
enough  Infomation  has  not  yet  been  released  to  make  an  evaluation  of  the  device 
possible.  Several  groups  have  worked,  in  recent  years,  on  the  possibility  of 
measuring  the  speed  of  sound  by  reflecting  an  electromagnetic  wave  from  an 
acoxistic  wave.  An  excellent  discussion  of  the  results  achieved  can  be  found 
in  "Design  concept  study  for  a  wind  profile  instrument".  Midwest  Research  IiH 
stitute.  Final  Repcrt,  Contract  Ho.  D/W^5^72— 506^RD-11. 

In  1958  Mordukhovich-®,  tested  a  different  version  of  the  acoustic  ther«- 
mometer,  as  a  means  of  investigating  the  radiation  errors  in  the  standard  radios 
sonde.  The  instrument  consisted  of  a  capacitive  bi^i-directlonal  transmitter, 
and  two  capacitive  receivers,  all  placed  along  a  common  axis.  The  device  transB 
mitted  a  contlnuoxis  signal  over  several  wavelengths,  and  then  cospared  the  phase 
of  the  received  signal  to  that  of  the  transmitter,  the  duality  of  the  ^stem 
being  used  to  reduce  the  effects  q€  wind.  The  system  was  exceedingly  cospiex, 
requiring  a  tube  flight  unit,  and  continuous  film  recording  of  the  signals. 

The  lack  of  pertinent  information  in  the  curticle  is  indicated  by  the 


authors  eo&cluslon, 

"Restilts  of  the  prellAihaSy  tests  of  local  aeotistlc  method  of  measuring 
ten^rature  of  the  lover  stratosphere  permit  the  formulation  of  a  conclusion 
of  its  possible  iise  for  estimating  -^e  radiation  and  inertia  errors  of  other 
device  and  an  explanation  of  Hie  detail  of  structure  of  a  temperature  field 
in  the  atmo^here  to  heights  of  bo  km." 
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NONIDEAL  GAS  AND  DISPERSION  EFFECTS  ON  THE 
SPEED  OF  SOUND 


1.  IntfoduGtion 

One  might  justly  ask  what  is  the  meaning  of  the  term  "the  speed 
of  soundi  "  Since  the  query  is  central  to  the  problem  of  determining 
the  temperature  of  a  gas  by  measuring  the  speed  of  sound>  it  deserves 
a  definitive  answer.  One  use  of  the  term,  properly  called  the  "phase 
velocity,  "  is  the  velocity  of  the  wave^front  (equi 'phase  surface)  along 
the  wave  normal.  Another  use,  more  correctly  labeled  the  "group 
velocity,  "  is  the  velocity  of  energy  flow.  In  a  nondissipative,  sta' 
tionary  medium  these  two  velocities  are  equal  to  one  another  and 
numerically  equal  to  the  so 'called  local  sound  speed  c.  This  number 
is  simply  the  constant  in  the  wave  equation,  c?  ^  . 

If  the  medium  is  in  motion  with  velocity  ,  the  motion  does 
not  affect  the  direction  n  of  the  wave  normal  but  does  change  the 
magnitude  of  the  phase  velocity  Vp  such  that  it  differs  from  the 
local  sound  speed  by  the  component  of  jUq  in  the  direction  of  n. 

Thus,  Vn  ^  (c  +  u„  *  n)n  .  The  fact  that  the  direction  of  the 

MAP 

wave  normal  is  not  changed  by  motion  of  the  medium  does  not  alter 
the  effect  of  Uq  energy  flow.  The  velocity  of  this  flow  Vg  is 
simply  the  vector  sum  of  the  two  velocities,  Vg  =  en  +  Uq  •  • 
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_ .  .  -  5jiC 

The  above  nomenGlature  of  phase  and  group  velocities  [1  ] 
contrasts  with  the  electromagnetic  definitions;  however,  the  terms 
are  in  keeping  with  the  eoncept  of  differentiating  detween  phase  and 
energy  flow  velocities.  If  the  medium  is  also  dissipative,  there  is 
associated  absorption  and  dispersion.  In  this  case,  analogy  with 
the  electromagnetic  definitions  can  be  made  if  the  acoustic  wave  is 
not  monochromatic.  For  a  pulse  or  a  wave  packet,  the  group  velocity 


becomes  [  2  ] . 


where  <*•  -  2jrf  and  k  =  “i/Vp  .  Since  dispersion  causes  Vp  =  Vp  (u)  , 
here  the  group  velocity  differs  from  the  phase  velocity  even  if  the 
medium  is  stationary. 

A  standing  wave  is  an  interference  phenomenon  which  is  inde^ 
pendent  of  energy  transfer  but  dependent  on  phase.  Therefore,  a 
resonance  measurement  determines  phase  velocity.  ** 

In  contrast,  a  measurement  of  pulse  transit  time  between  fixed 
source  and  receiver  is  a  determination  of  group  velocity.  However, 
the  group  velocity  may  be  expressed  in  terms  of  the  phase  velocity 
by  the  above  relation;  consequently,  only  the  phase  velocity  of  sound 

Numbers  in  brackets  refer  to  literature  cited  at  end  of  this  paper. 

It  is  assumed  that  to  create  a  standing  wave,  one  tnust  first  have 
a  plane  traveling  wave.  If  the  wave  id  not  plane,  a  medium  velocity 
normal  to  the  wave  normal  may  complicate  matters. 
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need  be  determined.  Excluding  a  moving  medium,  this  requires  the 
evaluation  of  what  has  been  labeled  the  local  speed,  c  (which  is  not 
identical  to  the  Gonstant  in  the  wave  equation  if  dissipation  or  nonhomo^ 
genuity  is  eonsidered).  The  symbolic  problem  of  using  c  both  for  the 
constant  in  the  wave  equation  and  the  local  sound  speed  is  not  unique 
in  physics  but  is  confusing.  From  this  point  hence,  c  will  be  used  for 
the  local  sound  speed  only. 

The  inclusion  of  dispersion  complicates  the  calculation  of  C  ; 
however,  c  (u)  may  be  expanded  by  a  power  series  c  (u)  =  ao  +  a^u)  + 
ag  .  .  The  constant  coefficient  in  this  expansion  is  sometimes 

called  the  "zero-^frequency"  speed  of  sound.  A  more  proper  term  might 
be  the  nondispersive  speed  of  sound. 

It  is  the  purpose  of  this  paper  to  determine  the  value  of  a^  and  c 
for  air,  it  has  been  noted  that  c  is  a  function  of  u,  and  it  will  appear 
that  it  is  also  a  function  of  ambient  pressure  Pq  ,  and  composition. 

The  value  of  is  dependent  on  and  T_  because  of  nonideal 

gas  effects  and  variations  in  specific  heats  due  to  molecular  vibration 
and  rotation  effects, 

The  dispersion  of  sound  is  closely  tied  with  item  (2)  above,  with 
additional  dispersion  due  to  viscous  and  thermal  conductive  energy 
losses.  These  effects  depend  on  the  molecular  structure  of  a  gas, 
rather  than  the  normally  assumed  continuity  involved  in  sound.  As 
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such,  the  ratio  Of  the  wavelength  to  the  mean  free  path  is  an  important 
number.  This  number,  in  turn,  depends  on  the  frequenGy-to^pressure 
ratio.  Considering  a  constant  frequency,  it  would  seem  that  disper"^ 
Sion  depends  only  on  pressure;  however,  the  presence  of  trace  gases 
such  as  H2O  and  CO2  strongly  affect  dispersion  also. 

There  is  some  argument  as  to  which  of  the  two  approaches,  con^ 
tinuous  fluid  or  molecular,  is  to  be  preferred.  It  is  true  that  viscous 
and  thermal  conductive  effects  may  be  treated  by  the  macroscopic 
coefficients  Of  viscosity  and  thermal  conductivity,  and  the  effects 
believed  to  be  due  to  rotation  and  vibration  can  be  postulated  as  a 
bulk  viscosity.  However,  the  argument  seems  to  be  academic  in 
light  of  the  purpose  of  this  paper;  therefore,  both  concepts  will  be 
used  as  the  occasion  arises. 

2.  perivstion  of  the  Nondispersive  Speed  of  Sound 

The  determination  of  ag  is  firmly  based  on  the  equation  of  con¬ 
tinuity,  Newton's  Second  law  of  motion,  and  the  conservation  of 
energy  principle.  However,  the  solution  of  these  three  equations 
in  the  case  of  general  fluid  has  not  yet  been  achieved.  The  solutions 
which  commonly  find  their  way  into  sophomore  texts  are  replete  with 
unstated  assumptions,  and  it  is  informative  to  examine  these  unstated 
assumptions  to  form  a  basis  for  correction  of  the  familiar  result 
ap  -  (  7RT/M)*  . 
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The  "exact"  equations*[  3  ]  governing  the  propagation  of  sound  in 
fluids  have  been  developed.  Rather  than  repeat  these  equations  in  full 
it  will  first  be  assumed  that  the  fluid  is  perfect,  i.  e. ,  that  the  fluid  is 
non-viseous  and  will  not  conduct  heat.  The  three  equations  are  then 
simplified  to: 

n  +  V  •  (pu)  -  0 

pU  =  pF-p(u‘  V)u  -  VP 

T  +  u  •  VT  +  -2^  V  .  u  +  q(T  -  Tq)  =  0  , 

where  p  '  .  the  density,  F  is  the  external  force  per  unit  mass,  P  is 
the  hydrostatic  pressure,  T  is  the  absolute  temperature,  7  is  the 
ratio  of  specific  heats,  P  is  the  coefficient  of  thermal  expansion,  and 
q  is  a  radiation  coefficient  taken  from  Newton's  law  of  cooling.  In  the 
above  and  following,  the  dot  above  a  variable  will  represent  partial 
differentiation  with  respect  to  time. 

Performing  a  change  of  variables  defined  byp=p^  +  Pj  , 

u  -  Uo  +  Ui  ,  P  -  P„  +  Pi  ,  T  ^  T-  +  Ti  ,  where  the  zero 

subscripts  are  used  for  constants  and  the  unity  subscripts  are  used 

for  variables,  enables  some  simplification.  Now  assume  the  vari” 

ables  are  acoustic  variables;  i.e.,  pi  =  excess  density,  ui  2  particle 

velocity,  Pj  =  sound  pressure,  and  Tj  =  excess  temperature.  In 

^  . 

See  Hunt's  qualifying  remarks  on  page  3=32. 
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effect,  this  assumes  the  medium  is  homogenedus.  Finally,  assume  the 
medium  is  stationafy  n  0)  and  there  are  no  external  forces  such 
as  those  due  to  gravity*  (F  =  0)-  With  this  extrernely  simplified 
medium,  the  equations  become: 

(  Po  Pi)  Po  *  Pl>  <iSll  ^  "  ^^1 

Tl  +  a.1  •  ^T,  +  ^  9  +  4T,  =  0  . 

which  are  still  unmanageable  since  they  are  nonlinear. 

The  "small^signal"  approximation  is  now  made,  All  acoustic  vafi->‘ 
ables  are  considered  small  in  ratio  to  their  ambient  counterparts  so  that 
products  of  the  variables  and  their  derivatives  are  neglected.  Thus,  the 
linear  equations, 

+  Po^  •  .lil  =  0 


p 

o 


14 


-VP 

1 


result . 


7  -  1 

J 


“l 


0  , 


By  differentiating  the  first  equation  with  respect  to  time,  and  the 

• 

second  with  respect  to  space,  a  substitution  for  V  •  (Pp-il)  * 

(3/3t)(p  V*  u.)  may  be  made  so  that 
o  ^1 

sjt  .  a  p 

The  force  due  to  gravity  is  balanced  by  a  term  if  the  gas  is  in 

gravitational  equilibrium. 

The  quantity  q  has  also  been  considered  small. 
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or, 


V2p^ 


,  i 

the  familiar  wave  equation,  with  phase  velocity  (  9  Pj/ 0  pj^)  .  or 

(  aP/9  p)^  . 

The  evaluation  of  0P/0p  poses  a  problem.  Physically,  both  P 
and  p  are  state  variables  and  their  dependence  on  one  another  is 
defined  by  the  kind  of  process  involved.  Mathematically,  the  third 
variable  in  the  equation  of  state  must  be  specified.  The  necessity  of 


the  conservation  of  energy  equation  is  now  apparent:  it  determines 


the  type  of  physical  process.  The  equation  as  written  above  states 
that  there  is  no  conversion  of  mechanical  energy  into  thermal  energy: 
all  such  processes  have  been  neglected.  Physically,  this  equation 
determines  that  the  process  is  adiabatic.  Mathematically,  the  third 
variable,  the  one  held  constant,  must  be  entropy.  Thus,  consideration 


of  the  third  equation  determines  that  the  solution  for  the  set  of  three  is 


( 


V^Pj  = 


where  the  s  subscript  requires  the  entropy  per  mole  to  be  constant, 
Therefore,  since  dispersion  has  been  neglected. 


In  effect,  the  assumption  is  made  that  0  i/  BPi  does  not  vary  with 
time.  This  would  be  a  finite  ^amplitude  effect. 
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This  result  may  be  cast  in  more  familiar  terms  by  introducing  the 
molar  volume,  v  =  M/p  ,  where  M  is  the  molecular  mass.  Thus 
dp  -  '  (  p  /  V )  dv,  or 


=  .  X  is. 

o  0  \  d  V  p 

where  the  definition  of  the  adiabatic  bulk  modulus  has  been  used, 
la  =  ’V  (  3P/  3  v)g  ,  Further  manipulation  of  the  partial  deriva- 
tive  shows  that 


Finally,  from  the  following  definitions,  Cp  T  (  3  s/  3  T)p  ,  = 

T(  3s/  3T)v  ,  and  Bi  =  -  v  (  3P/3  v),^,  ,  where  Cp  and  are 
the  molar  heats  at  constant  pressure  and  volume,  respectively,  and  Bj 
is  the  isothermal  bulk  modulus,  -  (Cp/Cy)  Bj,  or 

vi  /  _  \  i 

0 

Q 


See  C&UeQi  [4  ]  for  partial  derivative  operations. 
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3.  Nonideal  Gas  Effects 

Thus  fai*,  nothing  has  been  assumed  regarding  an  equation  of 
state,  and  the  results  are  independent  of  which  equation  of  state  is 
chosen.  If  the  gas  is  ideal,  Pv  =  RT  is  the  equation  of  state  where 
R  is  the  gas  constant.  For  an  ideal  gas. 


and 

a  2  =  7_P  ^  „7py  _  ^RT 

°  p  "  M  ^  M 


A  review  of  the  assumptions  made  in  this  equation  indicates  that: 
Assumption  1:  the  fluid  must  be  nonviscous. 

Assumption  2:  the  fluid  must  be  nOnconduetive, 
Assumption  3:  the  fluid  must  be  homogeneous. 


Assumption  4:  the  fluid  must  be  stationary. 
Assumption  5:  the  sound  wave  is  of  small  amplitude, 


Assumption  6:  the  radiation  of  heat  is  negligible,  and 
Assumption  7:  the  fluid  is  an  ideal  gas. 

9 

The  fact  that  ^  RT/M  yields  values  in  air  that  are  accurate 


to  four  significant  figures  is  remarkable  considering  such  an  emaciated 
theory. 

A  more  accurate  equation  of  state  is  all  that  is  necessary  to 
correct  for  the  ideal  gas  restriction,  Herzfeld  and  Litovitz  15]  have 
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obtained  the  effeet  of  a  f  eal  fas  in  terras  of  the  second  virial  coef- 
ficient  M,  in  the  Kanamerlingh^Onnes  equation  of  state, 


Pv 

RT 


1  +  I  ^  ^ 


The  effect  may  be  stated  in  terms  of  the  following  correction  factor 


=  a? 


1  +■ 


B  ^  ^  I 


RT 


d^S 


RT  C9  clT 


2  CJC°  dT^ 


where  the  zero  superscripts  refer  to  the  values  of  the  quantity  as 
Pq  approaches  zero.  The  pressure  dependence  of  Bj  ,  Cp  ,  and  Cy 
have  been  combined  in  this  correction  factor. 

The  value  of  a°  is  simply  the  ideal -gas  speed  of  sound. 


RT\^ 
M  J 


The  fact  that  Cn  and  both  vary  with  temperature  due  to  the 

J./  V 

dependence  on  temperature  of  rotational  and  vibrational  heat  capa« 
cities  makes  the  value  of  a°  vary  not  exactly  with  the  square  root 
of  temperature.  The  thermodynamic  relation 

Cv  -  Cp  -  Tv  ^2  Bj  , 


where  ^  ^  coefficient  of  thermal  expansion,  (l/v)  (  3v/  0T)p 
becomes  in  the  special  case  of  P  0  , 
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“  Tv 


P  = 


R  . 


Thusj  only  knowledge  Of  C°  (T)  is  necessafy  to  deterrnine  the  dOr- 
reetiOn  factor  due  to  the  ratio  of  specific  heats. 

The  value  Of  C®  for  several  gases  has  been  calculated  by  the 
National  Bureau  of  Standards  [ll]  .  The  calculations  are  based 
Oh  statistical  mechanical  equations  arid  use  spectroscopic  data. 

Table  3“1  tabulates  these  values  for  the  polyatomic  constituents 
of  dry  air.  Mohatomie  gases  have  classical  equipartitional  values 
of  2.  5000  R  for  Cp  ,  whereas  other  gases  are  affected  by  rotation 
and  vibration.  For  the  gases  listed,  the  rotational  heat  capacities 
have  approximately  equipartitional  values  of  R,  and  the  vibrat  ional 
heat  capacities  cause  most  of  the  temperature  variation  of  C®  . 

Table  3^2  tabulates  the  composition  of  dry  air  in  terms  of  mole 
fractions  given  by  Glueckauf  [6] .  The  molecular  mass  (physical 
scale)  of  dry  air  is  the  weighted  mean  of  the  individual  molecular 
masses  and  is  28.  974  gm/mole.  The  same  composition  data  has 
been  used  to  calculate  the  weighted  mean  Cp  which  is  tabulated  in 
Table  3-1.  The  value  of  Cy  is  calculated  similarly  and  the  ratio  of 
specific  heats,  7°  -  C^/C^  is  tabulated  in  Table  3-3,  The  value  of 
7^  at  the  ice  point  (273, 15^)  is  1.40054.  This  value  is  denoted 
by  7q  and  the  ratio  7°/  7^  is  tabulated  in  the  next  column.  Both 
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Table  3*1 

Molar  heat  at  constant  pressure  as  the  pressure 
approaches  zero  for  the  constituent 
gases  and  dry  air 


T 

(*K) 

CpR 

180 

3.  5007 

3.  5020 

3.  7800 

3.  4917 

190 

3.  5008 

3.  5025 

3.8347 

3.  4919 

200 

3.  5008 

3.  5032 

3. 8916 

3.  4921 

210 

3.  5009 

3.  5042 

3. 9502 

3.4924 

220 

3.  5010 

3.  5056 

4.0097 

3.  4927 

230 

3.  5010 

3.  5073 

4.0695 

3.  4931 

240 

3.  5012 

3.  5095 

4. 1296 

3.4938 

250 

3.  5013 

3. 5122 

4. 1892 

3.  4944 

260 

3.  5015 

3, 5155 

4. 2484 

3.4953 

270 

3.  5017 

3.  5193 

4. 3068 

3.4963 

273.  15 

3,  5018 

3.  5207 

4.  3249 

3.  4966 

280 

3.  5021 

3.  5238 

4.  3643 

3.4975 

290 

3.  5025 

3.  5288 

4.4208 

3.4989 

300 

3.  5030 

3.  5344 

4.4763 

3.  5005 

310 

3.  5036 

3.  5407 

4. 5307 

3.  5023 

(1)  Taken  from  NBS  circular  564  [^11  ], 

(2)  Based  on  composition  given  in  Table  3*2,  for  monatomic  gases 

2.  5000  R.  ^ 


Table  3 ‘2 

Composition  and  moleeular  weight  Of  dry  air 


i 

Gas 

Xi<« 

1 

N2 

0.  78085 

28.023 

2 

02 

0. 20946 

32.009 

3 

A 

0.00934 

39.  995 

4 

CO2 

0.000321 

44.020 

5 

Ne 

0.00002 

20. 188 

6 

He 

0.00001 

4.  004 

Dry  Air 

1.00000 

28.  974 

( 1)  Dnta  taken  from  Glueckauf  [  6  ] . 

(2)  Based  On  physical  scale  (Oi®  =  16.00000). 

Nitrogen  isotopic  composition,  14  :  15  =  9962:38  ; 

Oxygen  isotopic  composition,  16  :  17  :  18  =  99757:39:204  ;  taken 
from  [6]  .  Isotopic  molecular  mass  taken  from  Meggers  [7]  , 
other  gases  based  on  chemical  scale  multiplied  by  1. 000272,  see 
Dumond  and  Cohen  [  8]  .  The  molecular  mass  for  dry  air  is 
28.  966  on  the  chemical  scale. 
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of  these  columns  have  been  rounded  off  to  five  Significant  figureSi  The 
last  column  of  Table  3 ’-3  gives  the  Gorreetion  to  the  speed  of  sound  cal¬ 
culated  from  the  formula 


=  20.051^ 


where  the  value 

R  =  8.31696 

has  been  used  [  8  ]. 

It  can  be  seen  that 

the  correction  is 

within  0 , 0  3% 

for  the  range  180“K 

to  310  “K  . 

Table  3-3 

Ratio  of  specific  heats  correction  to  the  speed  of  sound  in  dry  air 

T 

(“K) 

7° 

0  0 

0 

Correction 
(parts  per 
100,000) 

180 

1,4013 

1.  0006 

+  28 

190 

1.  4013 

1.0005 

#  27 

200 

1.4013 

1.0005 

+  26 

210 

1.4012 

1.0005 

+  24 

220 

1.4012 

1.0004 

+  22 

230 

1.  4011 

1.0004 

+  20 

240 

1.4010 

1.0003 

+  16 

250 

1.  4009 

1,0003 

+  12 

260 

1.4008 

1.0002 

+  7 

270 

1.4006 

1.0000 

+  2 

280 

1.4004 

.  9999 

-  5 

290 

1.4002 

.  9997 

-  13 

300 

1.  3999 

.  9996 

-  22 

310 

1.3996 

.  9994 

-  32 

(1)  Based  on  7%  -  7^  at  273,  15"K  =  1,40054. 

(2)  This  column  is  more  accurate  than  the  other  two  due  to  rounding 
off  for  7^  and  7°/  7  q  • 


Returning  to  the  equation  of  state  correction,  the  second  virial  co¬ 
efficient  has  been  correlated  to  the  compressibility.  Joule -Thompson 


coefficients  ,  and  other  results  Of  various  investigators  by  the  Bureau 
of  itandards  [11]  .  Table  3^4  tabulates  these  values,  along  with  the 
first  and  second  temperature  derivatives  of  B.  These  derivatives 


Table  3^4 

The  seGond  virial  coefficient  and  derivatives  for  air 


T 

dB/dT 

d^B/dT^ 

(“K) 

(cm^/mole) 

/  cm3  \ 

/  .cmS 

mole  deg  J 

Vmole  deg3 

180 

-49, 32 

+0. 626 

0083 

190 

-43. 44 

+0. 552 

-.  0067 

200 

-38. 24 

+0. 489 

-.  0057 

210 

-33.  62 

+0.  437 

0047 

220 

-29. 48 

-1-0.  392 

-.  0043 

230 

-25.  75 

+0. 354 

-.  0035 

240 

-22. 39 

+0. 320 

-.  0032 

250 

-19.  33 

+0. 292 

-.0027 

260 

-16.  54 

+0. 267 

0024 

270 

-13.  98 

+0. 245 

-.0021 

280 

-11. 64 

+0. 225 

-.0019 

290 

-  9.48 

+0. 208 

-.  0015 

300 

-  7.48 

+0. 191 

-,  0016 

310 

-  5,63 

+0.  179 

-.0012 

320 

-  3.91 

+0. 165 

-.0013 

( 1)  Taken  from  [11], 


were  obtained  numerically  from  the  tabulated  values  of  B  by  using 
Newton's  backward  interpolation  formula  [12  ] : 
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where  i  is  the  row  number,  h  is  the  interval  (in  this  case  10*K)  , 
and  is  the  nth  finite  differenGe.  The  fluctuation  in  d^B/dT^  at 
high  temperatures  is  believed  to  be  due  to  the  nature  of  this  type  of 
differentiation,  which,  at  best,  is  inaccurate. 

Using  the  values  of  Table  3-4,  the  corrections  due  to  the  equation 
of  state  may  be  calculated  and  are  tabulated  as  Table  Here  the 
corrections  have  arbitrarily  been  smoothed,  since  the  fluctuation  in 
d^M/dT^  caused  the  corrections  to  fluctuate. 


Table  3-5 

Equation  of  state  corrections  to  the  speed  of  sound  in  dry  air 


Corrections  are  in  parts  per  100,  000  and  must  be  multiplied  by 
the  pressure  in  atmospheres. 


Corrections  (A) 


(*K) 

(Parts  per  100, 000 

180 

..I 

133 

190 

- 

98 

200 

- 

73 

210 

- 

52 

220 

- 

36 

230 

22 

240 

- 

10 

250 

+ 

1 

260 

+ 

10 

270 

+ 

18 

280 

+ 

24 

290 

+ 

29 

300 

33 

310 

+ 

37 

As  an  example  in  the  use  of  this  table,  consider  that  the  speed  of 
sound  at  the  ice  point  is  given  by  ao  -  20.  051  yiflTTF  ,  since 
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there  is  no  ratio  of  specific  heat  correction  at  this  temperature. 

Thus  a^  =  331.  38  m/ sec.  To  find  the  speed  of  sound  at  one  atmos* 
phere  the  correction  of  20  parts  per  100,  000  is  added,  yielding 
a^  =  331.  45  m/sec.  Likewise,  the  speed  of  sound  at  0.  1  atmos*^ 
phere  (about  50,  000  ft)  would  be  331.  39  m/see. 

4.  Vibrational  Dispersion 

When  a  gas  is  compressed  adiabatically  the  temperature  increases. 
The  temperature  increase  is  merely  an  indication  of  an  increase  in 
internal  energy  and  the  two  concepts  are  related  by  the-  specific  heat. 
For  a  monatomic  gas,  the  only  type  of  internal  energy  is  that  of 
translation;  however,  a  polyatomic  gas  may  also  have  rotational 
and  vibrational  energy.  Since  this  type  of  energy  is  quantized  rather 
than  continuous,  as  translational  energy  is,  one  would  expect  the 
classical  theory  of  equipartition  of  energy  to  fail.  This  failure 
causes  the  specific  heats,  and  thus  y  ,  to  be  functions  of  tempera’- 
ture,  as  was  seen  in  the  last  section. 

For  the  polyatomic  constituents  of  dry  air,  Ng,  O2,  and  GO2  . 
the  rotational  quanta  is  small  enough  that  the  classical  limit  of 
quanta  mechanics  may  be  used  in  all  but  the  very  lowest  tempera¬ 
tures  (below  5Q^K  or  so).  Thus,  rotational  energy  may  be  treated 
in  the  same  manner  as  translational  energy,  which  will  be  invest!  = 
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gated  in  the  next  section. 


The  vibrational  quantum  is  large  enough  to  require  quantum 
meehanies,  and  therefore  only  a  certain  fraction  of  the  molecules 
are  at  a  specific  vibrational  energy  level.  These  fractions  depend 
on  the  total  energy  available,  and  thus  the  temperature.  Under 
adiabatic  eompression,  the  temperature  increase  causes  a  read^ 
justment  of  energy  levels  which  requires  a  certain  time,  called  the 
relaxation  time  t.  If  the  period  of  the  sound  wave  causing  the  com¬ 
pression  is  much  longer  than  t ,  then  the  adjustment  is  complete 
and  equilibrium  among  the  various  degrees  of  freedom  exists.  Thus 
the  molar  heat  is  equal  to  the  static  molar  heat  tabulated  in  Tab’e 
3-1.  On  the  other  hand,  if  the  period  of  the  sound  wave  is  much 
less  than  T  ,  there  is  practically  no  adjustment  of  vibrational  levels, 
negating  this  degree  of  freedom.  Thus  the  dynamic  molar  heat  in¬ 
cludes  no  contribution  from  vibration,  being  equal  to  the  static  molar 
heat  minus  the  vibrational  molar  heat.  Assuming  the  equipartition 
of  rotation,  this  would  require  Cp  -  3.  50000  R  for  linear  molecules. 

Since  the  speed  of  sound  depends  on  Cp  and  Cy  ,  there  is  a 
shift  in  speed  between  the  low-frequency  wave  the  the  high-frequency 
wave.  Between  the  two  extremes  there  is  dispersion.  Figure  4-1 
shows  this  dispersion  plotted  as  a  function  of  f/fQ  where  fg  is  the 
frequency  which  corresponds  to  r.  The  change  in  speed  ( e_  -  c 
in  Figure  1 )  depends  on  the  temperature  and  gas  involved. 
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Figure  4-1.  Ratio  of  f/f^  for  a  Particular  Pressure.  The 
dispersion  of  sound  speed  due  to  vibrational  energy  lag.  The 
low-frequency  speed  c^  is  determined  by  translational,  rota^ 
tional,  and  vibrational  specific  heats ;  c^^  represents  the 
high-frequency  speed  determined  by  only  translational  and 
rotational  specific  heats. 

Unfortunately,  it  is  difficult  to  make  precise  measurements  of  t  , 
and  thus  far  theory  has  failed  to  predict  accurate  values  [  5]  .  To 
compound  the  problem,  t  varies  with  pressure,  temperature,  and  is 
sensitive  to  impurities.  However,  the  high-frequency  and  low- 
frequeney  velocity  limits  are  measurable  and  support  the  above 
theory  closely- 

The  relaxation  frequency  for  pure  oxygen  has  been  measured 
to  be  about  50  cps  at  atmospheric  pressure  and  room  temperature 
by  Knotzel  [  14  ] .  High-temperature  shock  measurements  by  Black¬ 
man  [15]  indicate  that  the  relaxation  frequency  for  nitrogen  is  even 
less  than  that  of  oxygen.  Pry  air  has  so  little  CO2  that  the  disper¬ 
sion  due  to  this  component  will  be  eonaidered  unknown  and  will 
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introduGe  ati  error  of  from  1  to  2  parts  per  100,  000^  Thus,  at 
atmospheric  pressure  and  room  temperature,  it  is  safe  to  assume 
that  O2  and  N2  are  not  in  vibrational  equilibrium  if  the  frequency  is 
over  500  cps,  (approximately  lOf^,  see  Figure  4-1)  and  a  correction 
must  be  made  to  aO  to  include  this  fact. 

The  temperature  dependence  of  f^  may  be  inferred  from  shock 
measurements  of  t  4  These  measurements  fall  in  a  fairly  straight 
line  when  t  is  plotted  logarithmically  against  T  ^  >  This  indicates 
that  as  T  decreases,  t  increases  or  f^  decreases.  Since  most  of 
the  atmosphere  is  cooler  than  room  temperature,  this  makes  f^ 
even  smaller  than  50  cps,  strengthening  the  thesis  that  there  is  no 
vibrational  equilibrium  for  O2  N2  • 

The  pressure  dependence  of  f^  may  be  derived  from  the  follow¬ 
ing  consideration:  The  relaxation  time  may  be  written  t  ??  zt 
where  z  is  the  number  of  collisions  required  for  equilibrium  and 
T  is  the  mean  time  between  collisions.  Since  z  is  only  dependent 
on  energy  (temperature)  the  pressure  dependenee  of  t  comes  only 
from  T  ,  which  varies  inversely  with  pressure.  Thus  t«  P"-  and 
f Q  p  ,  reducing  f^  with  increasing  altitude,  again  strengthening 
the  vibrational  nonequilibrium  thesis. 

The  relaxation  frequency  of  O2  is,  however,  strongly  sensitive 
to  small  amounts  of  water  vapor,  f^  increasing  as  humidity  increases. 
Fortunately,  the  air  in  the  upper  atmosphere  is  extremely  dry. 
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The  humidity  at  sea  level  might  eause  the  O2  to  be  in  equilibrium, 

as  it  takes  only  10%  relative  humidity  to  increase  to  5000  cps 

_  ^  _  ___ 

[  16],  The  rapid  decrease  in  temperature  between  the  earth  and 
the  tropopause  causes  a  reduction  in  water  vapor  content,  which 
rapidly  decreases  f ^ .  For  instance,  the  value  of  fg  above  8  km 
cannot  be  greater  than  800  cps,  even  for  air  saturated  with  H2O. 

Above  the  tropopause,  there  is  not  enough  water  vapor  to  cause 
equalization  of  vibrational  freedom  in  O2  at  frequencies  above  1  cps. 

The  necessary  corrections  to  the  speed  of  sound  due  to  non- 
equilibrium  in  N2  and  and  the  error  introduced  by  neglecting 
CO2  dispersion  is  tabulated  in  Table  4’’!,  The  corrections  are  based 
on  Cp  for  ©2  and  N2  equal  to  3.  5000  R,  This  correction,  when  added 
to  the  7  Correction  in  Table  3-3,  gives  a  temperature -independent  cor¬ 
rection  of  +33  parts  per  100,000.  This  should  be  independent  of  temp¬ 
erature  since  the  assumption  that  O2  and  N2  are  not  in  vibrational 
equilibrium  demands  that  C°  is  independent  of  temperature.  The 
correction  applied  to  the  speed  of  sound  formula  gives 

ag  =  20.057yT 

and  the  constant  value  of  y  °  becomes 

7^  =  1.4015 

This  affects  calibration  of  air -borne  sensors.  The  calibration  should 
be  done  in  dry  air. 
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Table  4-1 

CorreGtioti  to  speed  of  sound  due  to  non -excitement  of  vibration  in 
N2  and  O2  and  error  due  to  lack  of  knowledge  about  the  state 
of  vibrational  excitement  of  CO2 


T 

Correction 

Error 

(“K) 

(parts  per  100, 000) 

(parts  per  100,  000) 

180 

+  5 

1 

190 

+  6 

1 

200 

+  7 

1 

210 

+  9 

1 

220 

+  12 

1 

230 

+  14 

1 

240 

+  16 

1 

250 

+21 

1 

260 

+25 

1 

270 

+30 

2 

280 

+38 

2 

290 

+45 

2 

300 

+54 

2 

310 

+64 

2 

5i  Viscothermal  and  Rotational  Pispersion 


When  viscosity  and  thermal  conductivity  are  included  in  the 


acoustic  equations,  the  solution  becomes  that  of  an  attenuated  wave 
with  associated  dispersion.  The  first  order  approximation  yields 
the  so-called  classical,  or  Stokes *Kirehhoff  absorption,  and  a 
second  order  approximation  shows  dispersion.  For  a  polyatomic 
gas,  there  is  combined  with  the  viscothermal  absorption  a  rotational 
absorption  due  to  the  relaxation  of  the  rotational  degrees  of  freedom. 
The  rotational  dispersion  is  governed  by  the  same  equations  as  the 
vibrational  dispersion  except  there  is  a  difference  in  magnitude 
and  in  the  numher  of  collisions  required  for  equilibrium.  Although 
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the  vibrational  case  may  be  handled  separately  from  viscothermal 
effects,  this  is  not  true  for  rotation, and  interaction  must  be  con^ 
sidered  because  of  the  small  number  of  collisions  required  for 


equilibrium. 

The  solution  for  absorption  and  dispersion  may  be  accomplished 
through  a  power  series  expansion  using  x  =  uf)  /Pq  as  variable, 
where  is  the  coefficient  of  viscosity.  By  the  use  of  a  "quasi  = 
Burnett"  expression  for  a  diatomic  gas,  Greenspan  [18]  derives 
the  following  expression  for  the  dimensionless  ratios  a  /Kq  where 
a  is  the  absorption  coefficient  and  =  co  /Sq,  the  propagation 


constant. 


and  g/Sq 


=  0.6700X  -  1.843x3  +  .  .  . 
ko 


—  =  1  +  0.  9849x3  . 

ao 


By  introducing  the  dimensionless  ratios 


e 

po 


n  s 


r  Cr 


Z  , 


where  is  the  high-frequency  speed  (see  Figure  4=1),  the  primed 
quantities  refer  to  the  equilibrium  values,  the  double  primed  quantities 
refer  to  the  non -equilibrium  values,  and  Z  is  the  number  of  collisions 
to  establish  equilibrium,  Greenspan  obtains  the  following  expressions 
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for  rotational  relaxation  ; 


nx 


+  *  . 


For  a  diatomic  gas. 


_2_  =  1  ♦  n2x2  +  .  .  .  . 

2 

1.0911  and  n  =  0.5237Z,  which  yields 


A  =  0.0457ZX  »  0.0137z3x^  +  .  .  . 

^o 

^  =  1 +  0.0261Z2x2  . 

^o 

The  two  types  of  dispersion  do  not  combine  linearly;  however, 
if  the  gas  is  a  Becker  gas  ( Cp  r\  /K  -  3/4,  where  K  is  the  thermal 
conductivity)  Oreenspan  has  shown  [17]  that 


where  the  unity  subscripts  refer  tQ  one  mechanism  and  the  two's 
refer  to  another.  Air  has  values  of  Cp  t\/K  (Prandtl's  number)  of 
from  .  746  at  ISO’K  to  .  703  at  320®K  [11]  ,  so  that  to  a  fair  approx-' 
imation  air  is  a  Becker  gas. 

Using  the  above  relation. 


1  +  (0.9849  +  0,0261Z^  +  0,0306Z)x^  + 
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expresses  the  total  dispersion  due  to  viscosity,  thermal  conductivity 
and  rotation,  From  absorption  measurements,  Greenspan  determined 
the  number  of  collisions  for  rotational  equilibrium  to  be  4.  82  t  0.  18. 
Substituting  Z  =  4. 82, 

—  =  1  +  1,  737x2  +  .  .  .  . 

^o 

This  value  compares  favorably  with  Greenspan's  dispersion  meas- 
urements,  which  seem  to  fit  the  expression 

—  =  1  +  1.  7x2  . 

ao 

This  fact  seems  to  justify  the  quasi -Becker  method  of  adding  the 
visGothermal  and  molecular  dispersions,  since  a  direct  sum,  without 
absorption  cross  products,  would  yield” 

^  -  1+1. 59x2  . 

^o 

Tb®  above  expression  has  no  x^  term,  so  that  the  single  eor^ 
rection  term  is  fairly  accurate  (from  Greenspan's  dispersion  data, 
the  fit  is  good  for  corrections  not  greater  than  4%) .  The  temperature 
variation  of  the  x2  coefficient  is  unknown  but  x  does  vary  with  temp¬ 
erature  through  T).  .  This  variation  is  shown  in  Table  5-1 ,  where  the 

One  must  admit  that  this  is  not  a  sensitive  test  of  the  method.  At 
higher  f/P  ratios,  the  dispersion  deviates  from  Greenspan's  theory, 
but  this  deviation  also  occurs  in  monatomic  gases  which  have  no 
molecular  relaxation,  so  that  the  basic  problem  must  be  in  the  solu^ 
tion  to  the  hydrodynamic  equations. 
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Goefficient  B  is  defined  as  a  Gofreetion  faetof  to  the  speed  of  sound 
so  that 


G 


a^  (1  +  10“^  B 


jL)  , 

p2 

o 


with  in  atmospheres  and  f  in  cyGles  per  second. 


Table  5-1 

VisGothermal  and  rotational  dispersion  correGtion  factor 


T 

B* 

(“K) 

parts  per  100,  00 
(cps/atmos)2  x  10 

180 

98 

190 

108 

200 

118 

210 

129 

220 

139 

230 

150 

240 

161 

250 

172 

260 

183 

270 

195 

280 

206 

290 

217 

300 

229 

310 

241 

*B  -  (  1.737  X  10^)  (2jrTi  / 1.013  x  10^)^  ,  viscosity  data  taken  from 
Hilsenrath.  et  al  [111  • 

The  error  assoeiated  with  B  is  about  8%.  This  is  estimated 
considering  that  is  known  only  to  within  2%,  ths^t  Z  is  about  4% 
accurate,  and  there  is  some  doubt  as  to  the  "quasi- Bur nstt"  and 
"quasi -Becker"  assumptions.  Besides  this  error,  which  applies 
to  all  values,  there  is  about  6%  change  in  the  Prandtl  number 
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between  300“K  and  200‘’K.  There  is  also  soffie  theoretical  juStifiGatiOn 
to  assume  Z  Ghanges  a  like  amount  [19]  .  Together,  these  numbers 
are  responsible  for  about  half  of  B  so  that  one  may  assume  the  value 
at  200“K  may  deviate  by  about  15%  .  This  means  that  eaeh  of  the 
numbers  in  Table  5“1  may  be  in  error  by  about  18  x  10"^^  parts  per 

100, 000/(cps/atmos)2  . 

6,  Results  and  Conclusions 

Of  the  assumptions  listed  in  section  3,  corrections  to  the  phase 
velocity  of  sound  have  been  obtained  for  Assumptions  1,  2,  and  7. 

The  fact  that  no  heat  radiation  effect  has  ever  been  measured  jus¬ 
tifies  Assumption  6,  leaving  th®  requirements  that  the  medium  must 
be  Stationary  and  homogeneous  and  that  the  sound  wave  must  be  of 
small  amplitude.  These  assumptions  must  be  investigated,  but  until 
such  time,  the  velocity  of  sound  may  be  expressed  as 

c  =  20.  057 (1  +  10*5  APq  +  10’5Bf2/p|)  , 
where  A  is  the  eorreetion  factor  given  in  Table  3-5. 

As  long  as  the  corrections  remain  small,  the  equation  may  readily 
be  solved  for  T  : 

"(WW-)  ^  > '  • 

The  values  of  A  and  B,  both  functions  of  T,  may  be  obtained  by  first 
finding  the  uneorrected  temperature,  then  using  the  corresponding 
value  of  A  and  B  to  obtain  the  corrected  temperature.  Alternately, 
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one  may  state 


T 


c 


2 


402. 28 


f  E(T)Pq 


where  the  funGtions  E  and  F  are  listed  in  Table  6-1. 


Table  6-1 

Temperature  GorreGtions  to  be  applied  to  the  determination 
of  temperature  by  means  of  the  speed  of  sound  in  dry  air 


T 

E(T) 

F(T) 

(*K) 

(degyatm) 

(deg  •  atm^  * 

180 

+0.48 

-  3.  5 

190 

+0.  37 

-  4.  1 

200 

+0.  29 

“  4.7 

210 

+0.  22 

-  5.  3 

220 

+0.  16 

-  6.0 

230 

+0.  10 

-  6.8 

240 

+0.05 

-  7.6 

250 

0.00 

-  8.5 

260 

-0.05 

-  9,4 

270 

-0.  10 

-10.  4 

280 

-0.  14 

-11.  4 

290 

-0.  17 

-12.  5 

300 

-0.  20 

-13.  6 

310 

-0.23 

00 

* 

1 

10"^ 


The  error  in  the  determination  of  the  constant  402,  28  is  about 
10  parts  per  100,  000  due  to  uncertainties  in  Cp  and  the  composition 
of  air.  This  yields  temperature  errors  of  about  0.03®K.  The  error 
in  E  is  probably  not  greater  than  0, 02*  per  atmosphere,  whereas 
the  error  in  F  is  about  0.5  x  10”^  deg  atmosphere-  see^  ,  Thus 
the  total  temperature  error  is  about 
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€  =  0,03  +  0.  02  Pq  +  0.5  X  10"1®  f2/p^  , 

where  P^  is  in  atmospheres. 

It  is  possible  to  r educe  this  error  somewhat  by  a  more  thorough 
investigation  Of  temperature  effects  on  dispersion,  but  there  is  no 
need  unless  it  appears  feasible  to  measure  temperature  by  this  means 
at  extremely  high  altitudes  and  other  errors  associated  with  the  ex¬ 
periment  are  smaller  than  the  dispersion  error. 

An  example  of  corrections  and  errors  for  temperature  measure¬ 
ments  is  given  in  Table  6-2.  Two  frequencies  are  assumed,  10,000 
cps  and  20,000  cps.  It  is  apparent  that  large  corrections  and  errors 
occur  at  high  altitudes.  This  may  be  reduced  by  decreasing  the  fre¬ 
quency;  however,  since  this  also  increases  the  size  of  the  apparatus 
needed  to  obtain  plane  waves,  there  are  some  limitations. 


Table  6-2 

Example  of  corrections  and  errors  for  the 
measurement  of  temperature  in  the  atmosphere^ 


20,000  cps 

10.  000 

cps 

Height 

Correction 

Error 

Correction 

Error 

(km) 

(TC) 

("K) 

(TC) 

(^K) 

10 

+0.04 

0.  04 

+0.  04 

0.04 

20 

+0.01 

0.03 

+0.01 

0.03 

30 

o 

c 

o 

0.03 

0.00 

0.03 

40 

’0.04 

0.03 

’0.01 

0.03 

50 

-0.68 

0.06 

’0.  17 

0.04 

60 

-7.  6 

0.4 

’1.  9 

0.  1 

70 

-  - 

--- 

-  20 

2 

(1)  Atmospherie  pressure  and  temperature  taken  from  CIRA  1961  [20]  . 
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1*  Intfodtictlon 

Various  sections  Included  in  this  report  are  related  to  this  study  of 
convection  and  radiation  heat  effects  on  the  performance  of  an  alrhome 
acoustic  'thermometer.  Many  sli^llfleatlons  have  been  made,  hut  the  results 
should  he  appllcahle  to  any  body  subject  to  radiation  and  laMnar  convection, 

9*  Deriyatlon  of  the^^fluatLons  ]>5scjrlhlog  the  Dynam^  and  dermal 
Boundary  Lavers  Due  to  FlQv  across  a  Flat  Plate 

If  we  assume  that  a  flow  of  velocl'ty  tJ  encoun'bers  a  flat  plate,  we 

s 

can  determine  the  size  and  shape  of  'the  houndary  layer  which  devel(^S^ 


The  flow  will  he  determined  from  -the  space  deviation  of  the  momentum  equa>^ 
tion  for  houndazy  layers  where  U  »  stream  velocl'ty 

B 

y  s  local  veloci'ly 
p  -  densl'ty 

-  shear  strefsa  at  the  hoiyadazy 
p  s  pressure 
H,  3  layer  thickness 

a  r  dn 

I* i  - 0  sr  X  -  V**® 


Since  U  is  presumed  to  be  constant,  Bernotty.1'8  equation  states  that 
8 

the  pressure  p  must  he  constant,  said  -therefore  the  equation  reduces  to 


p 


A 

dx 


u)  uay  »  . 


(^) 


The  boundary  conditions  on  this  equation  are 

u  =  0  for  y  =  0, 

U  =  U  for  y  =  6* 

8 

From  the  equation  ^veming  two  ^mensional  flov> 


"  35  ^  • 


Applied  at  y  =  0,  we  find  that 


a  0  for  y  =  0 
8y^ 

and  for  a  smooth  fit  of  the  curve  to  the  free  stream, 

dl 


^  =  0  at  y  a  6 . 


In  order  to  satisfy  these  four  Conditions,  we  will  asswe  that  U 
can  be  represented  as  a  fourt-teim  power  series. 


y  =  a  +  ^  +  cy^  +  dy®  . 
From  y  a  0  when  y  a  0  we  get  a  »  0. 
d^U 

Ppqb  a  0  When  y  a  0  we  get  c  a  0. 

ay2 

From  y  =  y  at  y  a  6  ,  y  a  b6  +  dl^, 

8  B 

From  IpaO  atyaS,  0ab  +  3d6®. 

Solving,  we  find  d  «  «  ^  ^  "  2  ^  * 

"6 


,3 


0  •  I 


1  % 


2  &  2  ^3  -  2  ''8  V  6  y  2  ''S\6  ^  ^ 


or 


]L  .  1  1)  i 

Ug  2  V&y  2  V5 


Denoting  l^e  integrand  as  1,  rearranging  the  left  side  of  (2—1)  wd 
substituting  (2-^)  ve  getj 

ri 

1^0  (U  -  U)  tJ  dy 


1  =  .0,^  /(!-#)#  ay 

'^o  s  s 


I  ^  pU, 


1^1  Wifi 

2  '  6  2  V6 


2  V  6  y  2  v& 


dy 


I  ^  p 


■$  2  \6  ■■  4  ^  6  '  ■  2  6  y  2  ^  6  4V6 


$lnce  U  =  U  for  y  >  6,  the  vgpper  limit  of  the  ihoegral  need  only  he  taken 
to  5  y  \diere  the  integrand  becomes  and  remains  0. 


I  ^  P 


W.®  [  i  (f)  y  W  "  i  (s )  (f  W  "  B  (f)*^ 


3  1  1 


pU3^6 


At  the  vail  the  velocity  gradient  is 


8U^ 


2  2l  , 
2  6  ' 


wd 


l^erefore  equation  2^1 


reduces  tc 


t  =  u 

(i)  ^ 


ymO 


5  Us 


U) 


dJc  V  286  V  ® 


1  Us 


dx 


Separating  variables, 


Integrating 


39  pU, 


6d5  » 


f  ^^Us 

s 

l4o 

^  i 

13 

pu. 

140 

i  It 

JL.X- 

2„n  .  4S2  ^ 


dx  . 


or 


/  280  ~V~ 

^  y  13  pUg 


6  =  /  w  X  +  2k  . 

If  X  Is  measured  from  the  leading  edges  of  the  plate. 


e  -  k.64 


or 


I  • 


4.64 


/w 


PU.x 


^e  term  is  known  as  ^e  Remolds  number  at  a  distance  x, 

I  .  11.64  (R.,  ) 


so  ttot 
(a~4) 


Usliig  this  value  we  will  now  Intx^uee  the  heataflow  equation  of  houndary 


layers, 


(2-5) 


where  t  is  the  stream  teo^rature,  t  is  the  local  tenperat;u:e,  and  a  is 
the  thermal  conductivity  divided  hy  the  product  of  density  and  ^eclfic 
heat,  and  solve  it. 

for  houndafy  conditions  we  have 

t  ^  for  y  ^  0, 

St 

t  =  t  and  5“  a  0  at  y  a  6.  , 

8  9y  •'  t 

pi  2^ 

and  — “  =  0  for  y  =  0  . 

3y^ 


Again,  using  a  fouivi-term  power  series,  we  have 

t  s  a  +  by  +  cy^  +  dy®  . 

If  ve  Intmduce  the  variable  @  >  t  t^  ,  we  find  9  *  hy  ^  dy^,  and 


0i 


_0_ 


1  (JL 

2  ^^t 


/ 


where 


9 


8 


t 


8 


t 


(0 


ae  integral  J^rtion  of  (2-! 

r  Sh 


I  (t^  -  t)  uay  -  /  (g  -8)  tiay 

/d  ®  ^  * 


(1  ay, 


1  =  0 


^kfjL 

2  V6  J  2  V6 

V 


2 \bj  2  Vb 


dy  . 


Rea.ucing  the  limit  to  5^  ve  get 


dy 


J  ■  •  8®Jf (Cv  i (tM^ '  5 (f) » ♦  ^ (£(&)* ^ (s)  (s)*’  “ 


tA  bVv®  *S51,tA  * 25 vtA * 25 t 


Substituting  ^  s  ,  ve  bare 


^  “  ®8®8®t  ^  ”  ife  ' 


®8V 


-2-t^- 
20  ^ 


1 


If  ve  assume  that  the  thermal  bouDdary  layer  equals  the  bydxodynamlc  boundary 
layer,  i.e.  ^  »  1,  the  above  e^tlon  becomes  apprpxiiiately 


I  ^  0 


t  *)  > 


that  is,  the  fourth  power  term  can  be  neglected. 


M 


Eqiiatioa  (i"‘5)  then  hecomes 


■  l“if  > 


or 


"#•)=  a  . 
dxy 


-  d6 

Suhsti tilting  for  6^  and  6*^,  we  obtain 


i  I 


where  v ,  the  kinematic  viscosity,  equals  the  viscosity  divided  hy  the 
density.  Suhstituting  ^  #  the  Prandtl  number 


13 


dxy  14  pr 


Substituting  Z  = 


7  4.  i  _  13 

^  3  V  dxy  ^  Wfr  ' 


Solution  of  this  equation  yields 


Z  -  43—  .  Cx’^/'* 


When  X  =  0, 


Z  .  ^ 


14  Pr 


•  yi 


Pr 


or 


^  = 


i.oe6  V”]F' 


6 


1.026 
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1.026 

6^  ^ 


Since  the  Frahdtl  ntindier  of  air  is  ahout  ,T, 


4.61^  (Re  )  X 

A 

(Re^)"^x  . 

Me  find,  frda  equation  (2^) 


that  . 

^  ^  .  1.08  . 

Verifying  the  previous  that  ^  ^  1,  the  final  result  gives 


3.  |)erivation  of  the  Heat  T^ransfer  Coeffieient. 

The  heat  flow  from  the  surface  of  a  plate,  Such  as  that  previously 
discussed,  is  ^ven  hy 

q  =  ^  k  (d@  / dy)^  , 

vhere  k  is  the  thermal  conductivity  of  air.  For  convenience  ve  shall 
derive  a  heat  transfer  coefficient  h,  such  that 

q  .  h  (\,  -  t,)  , 

Aere  »a  t,  ar.  tto  pr.rtou.1,  drtli»4  vrtl  W4  .tp«<i 
We  lave, 

q  =  b  (\,  -  tg)  -  -  h0g  =  «  k(d0/dy)y 

or, 

h  ^  (k/9g)  (de/dy)^  ^  k(d9Vdy)^  ^  k^dy 


ot. 


h  = 


2  2 


y  -  0 


3  X 
2  6. 


Usii^  the  valt^  previously  obtained^  we  arrive  at  the  equation^ 


h  =  0.352  {  fJt  . 


Also  of  interest  is  the  average  heat  transfer  GoeffiGient> 


Variation  of  Heat  J^ansfer  CoeffiGient  with  Altitude. 

Let  us  now  consider  the  effect  of  tenperature  and  pressure  on  the 
parameters  of  the  heat  transfer  coefficient,  k>  Pr,  and  Re^^.  Die  thernal 
GondUGtivity  k  is  independent  of  pressure  over  a  wide  range,  but  varies 
by  approximately  8o  percent  from  -»100°  to  +200‘*F.  Dae  Prandtl  number 

V 

Pr  =  ^  ,  where  v  and  a  are  bg-^  inversely  proportional  to  density,  there^ 
by  causes  Pr  to  be  indep^dent  of  pressure  (or  densi-ty).  From  -^lOO®  to 
200®F,  the  Prandtl  nianber  varies  by  approximately  T  percent.  Die  Reynolds 

UfiX 

nuniber  Re^  =  ,  varies  inversely  as  v,  and  therefore  directly  with 

pressure  or  density,  in  the  range  —100®  to  +200®F/  v  and  therefore  Re^ 
vary  by  about  300  percent,  ^e  cgnbined  ve^iation  of  the  various  pa» 
rameters,  with  temperature;  tend  to  cancel  each  o^er;  so  that  h  varies 
only  3  percent  between  — lOO**  and  ^200°F.  Die  heat  transfer  coefficient 
varies  directly  as  the  square  root  of  density. 

It  should  be  noted  that  the  previously  derived  expressions  for  heat 
transfer  coefficient  and  temperature  distribution  are  valid  only  for  stresm 
velociMes  well  below  the  speed  of  sound.  This  necessity  arises  from  two 
sources;  ^e  change  In  densi^  due  to  local  conpression  at  speeds; 
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and  the  heating  effect  which  arises  when  a  rapidly  ttoving  gas  is  slewed 
down.  The  change  in  density  with  velocity  is  given  by  the  equation^ 


AP  1  ^ 

tdiere  M  is  the  Mach  nisoher  of  the  gas.  Ihe  effect  of  frictional  heating 
is  described  by  the  inequality^ 


2gc 


> 


where  g  is  the  gravitational  constant  and  c  is  the  ^ecific  heatj  and 
idaere  heat  is  transferred  fre®  the  plate  if  tihe  left  side  of  the  inequalily 
is  greater  than  the  rig^t  side,  and  to  the  plate  if  the  right  side  is 
greater  than  the  left. 


5.  Temperature  History. 

in  attenpting  to  predict  the  tarperature  history  of  the  transducer 
in  flight,  we  will  assume  that  it  may  be  represented  by  a  flat  plate  with 
an  appropriate  ratio  of  area  to  volisne. 

if  we  assume  the  proposed  model,  we  can  write  the  heat  balance 
equation, 

peV  p  -  -  hA  (t  -  tf)  +  KAc  -  coA  (t^  «  tg*  ) 


d^ 


^  (t  -  t  )  +  —  -  —  (t*^  -  t  ^  ) 
peV  ^f^  *  peV  peV  -s  ' 


where 


p  s  densl'^ 
c  s  specific  heat 
V  s  Volume  of  body 

s  surface  area  of  body 


(a-7) 


A 


h  =  heat  transfer  coefficient 
K  a  solar  radiation  constant 


a  =  itefan-Boltzmann  constant 
t  =  hody  tettperatwe 
tj  =  air  teiBperature 

=  apparent  radiation  temperature  of  surroundings 

9 

T  =  time. 

In  these  epiatlons,  the  terms  involving  h  represent  the  heat  lost  or 
gained  due  to  GonvectlOT>  the  teims  involving  K  represent  the  heat  flux 
due  to  solar  radiation,  and  the  terms  involving  the  fourth  powers  of 
tenperature  represent  the  heat  lost  or  gained  due  to  radiative  exchange 
with  the  background. 

Due  to  the  difficulty  Involved  in  obtaining  an  exact  solution  to 
the  differential  equations,  it  is  informative  to  study  a  series  of  sinple 
cases,  idblch  yield  some  information  about  the  processes  occuring. 

In  the  siDplest  instance,  we  may  assume  that  the  air  temperature  is 
constant  and  that  there  is  no  radiation  of  any  kind.  This  assuaption 
leads  to  the  solution 


t  11*  t - 

^  ^  ^  =  «p  *  (hVpcV)^  , 


As  a  second  case,  ve  will  again  assume  that  there  is  no  radiation, 
and  \41l  assmne  that  t^  =  Br.  That  is,  the  sir  tmaperature  is  a  linear 
fimction  of  time.  In  this  instance  we  are  lead  to  the  solution. 


t 


ftf  PcV  n 
”liA  ® 


1  a.  g“(H/peV)T 


fMs  sdiuMon  indicates  that  the  body  temperature,  after  an  IMtlal  transient 
state,  lags  behind  the  air  teo^rature  by  a  constant  amount. 

As  a  further  step,  let  us  consider  the  case  in  which  we  have  linear  air 
temperature  conbined  with  a  constant  ndiation  term  K,  or 


Where 


dt 


+ 


KAe 

pcV 


t^^  +  Bt  . 


This  equation  yields  the  solution. 


where 


and 


t  =  Bf 


^  at 


e 


C 


+  htfp) 


a 


The  solution  indicates  that  fbr  this  case,  after  the  initial  transient 
has  died  out,  the  body  teaperat\ire  again  follows  ^e  air  tenperattnre,  but 
that  the  difference  is  modified  by  the  radlatipn  term* 

With  the  above  simplified  solutions  to  form  a  basis  for  Judgment,  a 
coiq^ter  program  was  prepared  to  solve  equation  (^7)  by  increments.  (See 
section  ) .  Solutions  have  been  run  for  the  case  of  a  body  rising  at  . 
the  rate  of  IQQO  ft  per  s^ute  tlurough  the  1^9  AKPC  model  atmosphere 
(simulated  balloon  flight)  and  falling  at  a  variable  rate  (data  for  lb 


payload  on  a  15  ft  parachute)  tbrou|^  l^e  same  model  atmosphere.  For  these 
calculations  the  ratio  of  voltmie  to  area  was  assumed  to  be  .005  feet>  and 
the  body  vas  assumed  to  be  made  of  aluminimii 
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1 ^  Introduction 


An  airborne  aeoustie  interferoaeter  (See  11-6)^  which  has  been  designed 
to  measure  temperature  and  other  atmospheric  parameters,  is  to  be  carried  through 
the  atmosphere  on  a  balloon  (ascending)  or  on  a  parachuta.  Certain  errors  are 
caused  in  the  measurements  when  the  transducers  are  not  in  temperature  ec^uilib* 
rium  with  the  surrounding  medium,  as  in  the  case  when  it  is  rising  or  falling 
through  the  atmosphere.  The  purpose  of  this  study  is  to  predict  the  transducer 
temperature  at  certain  inteivals  during  simulated  flights  so  that  an  estimate 
of  the  errors  may  be  obtained. 

As  given  by  Montgomery  (See  1-3),  the  variation  of  the  transducer  temp-' 

erature  with  time  may  be  represented  by 

pcV  ^  hA  (t  *  tj  +  KAe  «  eoA  (t*  t*) 

UT  r  8 

where  p  >  density  of  body, 

c  >  specific  heat  of  body, 

V  ■  volume  of  body, 

A  «  Surface  area  of  body, 
h  «  heat  transfer  coefficient, 

K  p  solar  radiation  constant, 

€  p  emiSsivity  of  body, 

0  p  Stefan-Boltzmann  coastant, 
t  p  body  temperature, 
t£  p  air  temperature, 

t^  p  apparent  radiation  temperature  of  surroundings, 
and  T  p  time. 

The  three  tens  of  the  right  member  of  the  differential  equation  represent 


eonveetion,  fadiation  absoiptiont  and  fadiatidn  emission*  reSpeetiveliy, 

Because  the  third  term  eontains  a  variable  (tet^perature)  raised  to  th«  fourth 
power*  the  equation  does  not  lend  itself  to  solution  by  ordinary  means.  So« 
lutions  were  obtained  numerically  on  the  Bendix  G-15  digital  computer  by  the 
Runga>Kutta  method. 

2i  Prelifflinj!^  Studies 

Before  the  Runga-^Kutta  solution  was  undertaken*  preliminary  studies 
were  made  to  determine  how  the  transducer  would  react  under  certain  simplified 
conditions*  and  to  evaluate  and  cheek  coefficients*  atmospheric  parameters* 
and  flight  conditions,  The  solutions  to  three  simplified  versions  of  equation 
(1«1)  Were  derived  and  after  making  certain  assumptions  about  the  transducer 
and  its  Surrounding  medium*  numerical  answers  were  obtained  in  tabular  form 
on  the  computer.  The  derivation  of  the  first  simplified  case  is  given  in  the 
following  discussion. 

Consider  the  heat  balance  equation  with  the  convection  term  only 


pcv  ^  =  -  hA  (t  ^  tp 


(J-l) 


For  the  case  where  the  transducer  is  attached  to  a  balloon  rising  at 
a  constant  rate  through  a  region  of  the  atmosphere  where  the  temperature 
gradient*  B,  is  constant,  the  atmospheric  temperature  may  be  represented 
as  a  function  of  time 


tj  =  Bt 


(2»2) 


Substituting  the  value  of  t^  from  equation  (2«2)  into  equation  (291) 
yields  the  solution 


t 


•  ^  *  [‘f(a)  “  *]  -  ‘S®  (  -  (  ^)] 

(2‘J) 


Where  the  initial  conditions  are  t  «  t  and  t^  ■  when  f*  0. 

If  the  values  of  B  or  h  should  change  during  the  time  interval  con¬ 
sidered  then  equations  (2-2)  and  (2-S)  will  not  be  valid.  In  the  following 
discussion^  expressions  will  be  derived  which  will  hold  when  the  values  of 
B  and  h  are  not  constants  Consider  an  interval  of  time  At  during  which  B 
and  h  are  constant «  From  equation  (2-3)  the  transducer  temperature  after 
this  time  is 

[*f(0)‘  (*  (- 

and  the  air  temperature  is 


‘f(l)  • 

Now  if  t|  and  are  used  as  new  initial  conditions  in  equation  (2-3) » 

and  if  B  and  h  are  constant  (but  may  have  different  values  from  the  previous 
example)*  then  the  transducer  and  air  temperatures  after  another  increment  of 
time  are' 


^  [v(i)  "  -  *>»'  (-  p^O]  *  \  [«®  (-  ;^’)] 

tf(g)  •  V(p) 

Following  this  same  procedure*  after  n  increments  of  time  the  temperatures 
are 
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=  mt  +  t, 


(2-J>) 


BAt  +  t, 


'(i-5) 


Thus  if  the  transducer  or  air  temperatures  are  known  at  any  time,  the 
temperatures  after  an  interval  of  tiaieAt  may  be  predicted  provided  the 
current  values  of  B  and  h  are  known. 

3.  BaliQon  Flight  Parameters 

In  order  to  simulate  a  balloon  flight  using  equations  (^>4) 
and  (2<»S)  certain  values  were  assigned  to  atmospheric  and  flight  parameters. 
Based  on  the  19S9  AROC  model  atmosphere,  the  temperature  gradients  are 

B  ■  >3,6,  0<Z<36 
B  •  0  ,  36<2<82 

B  •  1.6  ,  82<Z<155 

where  B  is  the  gradient  in  degrees  F  per  1000  feet  and  Z  is  the  altitude 
in  1000  feet.  The  air  density  was  assumed  to  decrease  by  a  factor  of  10 
for  each  50,000  feet,  i.e., 

p  (air)  =  0.08  x  10"®'^^  Ib/cu  ft  (3-*l) 

The  balloon  ascent  rate  was  given  a  value  of  1000  feet  per  uinnte.  This 
is  based  on  past  experience  with  neoprene  balloons  canrying  5  to  6  pound; 
payloads  up  to  about  70,000  feet,  it  is  not  known  how  well  the  assumed  value 


holds  above  this  altitude.  The  tiransdueer  element  was  assumed  to  be  a 
flat  aluminum  plate  having  a  thickness  of  0.005  feet  (SeeiiII«7).  Engi« 
neering  units  were  used  throughout  the  eomputation. 

4*  PTelimin4r^R|SulM 

The  computer  was  programmed  to  solve  equations  (2-4)  and  (2-5) 
simulating  a  balloon  flight  from  mem  sea  level  to  150|000  feet»  The 
transdueer  and  air  temperatures  and  their  differences  were  calculated  and 
printed  out  for  each  minute  of  flight.  This  procedure  was  repeated  for 
two  Other  equations  which  had  radiation  terms.  There  is  no  direct  com¬ 
parison  between  the  results  obtained  as  certain  parameters  used  in  one 
equation  were  re-evaluated  before  solving  the  next  equation »  and  there^ 
fore  the  data  is  not  presented  here.  It  was  concluded  that  the  best  pro# 
cedure  in  predicting  the  trauisducer  temperature  would  be  to  find  some  way 
to  solve  equation  (1-1) ^  The  Runga-Kutta  method  was  chosen  for  this  pur¬ 
pose, 

5,  The  Runga-Kutta  Method 

Although  the  independent  variable  t  does  met  appear  in  the  right 
member  of  equation  (1-1) »  the  parameters  h  and  t^  can  be  expressed  as 
functions  of  timef  and  the^fore  equation  (1-1)  may  be  written  in  the  form 

.  f  (T,  t)  (5-« 

In  general I  such  an  equation  having  numerical  coefficients  md  given  initial 
conditions  may  be  solved  by  a  numerical  method. .  Suppose  the  solution  to 
(5-1)  is  a  smooth  curve  of  the  form  t  ■  F(t).  Starting  with  the  initial 
values (  the  solution  is  constructed  step  by  step  for  small  (usually  equal) 


incteinents  of  the  independent  variable ^  i.e.^ 


Tg  =  '*‘1  H  “  ^1  ‘‘‘  ^*1 


i+1 


=  T, 


+  At>  t 


1^1 


*  t.  H-At, 


(5^2) 


There  are  several  methods  of  determining  the  increment  of  the  dependent 
variable  each  one  having  its  computational  difficulties  and  inherent 
errors.  The  simplest  of  these  is  Euler's  method,  which  requires  extremely 
small  increments  of  the  independent  variable  to  maintain  sufficient  accuracy 


At 


where 

(-t*\  •  V 

The  Runga-Kutta  method  for  finding  At^^  is  as  follows 

A  tj  =  +  21^  +  2kj  +  kj^)  (5*3) 

where 

k^  =  At  f(T^,  t^) 
kg  =  AT  t(Ti*-f-. 

kj  .  At 

k^  =  At  f  ^Tj  t  At,  +  k^^ 


The  Runga-Kutta  method,  although  more  complicated  than  Euler's  method, 
is  more  accurate.  It  does  not  require  any  special  formulas  to  get  the 
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sdiution  started  as  does  Milne's  method  ,  and  is  easily  adapted  for  use 
on  the  digital  eomputer,,  The  increment  of  the  independent  variable  can 
be  easily  changed,  which  proved  to  be  a  useful  feature  in  solving  the 
heat  balance  equation „ 
b.  Flight  limulation  Parameters 

Computer  programs  were  written  to  simulate  flights  of  the  aGOustic 

interferometer  ascending  on  a  balloon  or  descending  on  a  parachute  through 

2  - 

a  model  atmosphere^  The  balloon  flights  were  programmed  from  mean  sea 
level  to  155,000  feet  whereas  the  parachute  flights  were  started  at  220,000 
feet  altitude  and  ended  at  5,000  feet«  The  balloon  ascent  rate  was  given 
a  constant  value  of  1000  feet  per  minute.  The  parachute  descended  at  a 
variable  rate,  depending  upon  the  altitude.  The  fall  rates  used  (See  Fig.  6^1) 
were  based  on  several  observations  of  4  to  6  lb  payloads  attached  to 
15  foot  parachutes  which  were  ejected  from  Areas  missilas  at  altitudes  of 
about  250,000  feet.  The  air  density  relation  used  in  the  preliminary  studies, 
equation  (3>1),  was  changed  slightly  to  conform  more  closely  to  the  model  at¬ 
mosphere  ,  i .  e , , 

p  (air)  =  0.08  X  10  Ib/cu  ft 

where  Z  is  the  altitude  in  thousand  feet,  the  value  of  the  heat  transfer 
- 1 - 

For  a  detailed  discussion  on  these  and  other  numerical  methods  of 
solving  differential  equations  see;  F«B.  Hildebrand,  IntroductiontOjhperic^ 
Analysis ,  p.  188ff,  McGraw-Hill.  1956;  K.L.  Nielsen, 

AnaiysiVi  P?  224ff,  MacMillan,  1956. 

2  '  _ 

"Air  temperatures  were  based  on  the  1959  ARPC  model  atmosphere. 

Air  density  '^as  obtained  from  a  model  described  in  Johnson,  $atelli^ 
Environment  Handbook,  p.  20,  Stanford  University  Press,  1961, 


eoefficieiit .  h  is  proportional  to  the  square  root  of  the  air  density 

_  f  -z/l081 

h  =  [iO  J  BTa/(^  ft^  op) 

wtiere  u  is  ascent  or  descent  rate  in  ft/Sec.  Other  quantities  used  in 
the  calculations  were 


^  5.53  “F  ft^/BTO 
K.  =  200  BTU/ft® 

o  =  0.173  X  10“®  BTO/(hr  ft®  ^R*) 

The  unit  "R”  is  temperature  expressed  in  degrees  absolute  Farenheit 
(Rankine) . 

7o  ]|ie^_Comguter_Pro£ra^ 

the  programs  consisted  essentially  of  the  Runga.>Kutta  formulas,  and 
Several  subroutines  for  evaluating  the  necessary  parameters.  Altitude  was 
used  as  the  independent  variable  instead  of  time,  since  most  of  the  parameters 
were  known  as  functions  of  altitude  and  also  since  the  answers  were  desired 
every  SOOO  feet.  Time  and  the  time  incrementAr were  calculated  from  the 
velocity  vs.  altitude  function.  For  this  reason  it  was  necessary  to  in« 
elude  a  simple  sub-program  to  test  whether  the  calculated  At  had  become 
large  enou^  to  make  the  solution  unstable.  The  following  method  seemed  to 
work  satisfactorily,  From  the  Runga^Kutta  solution  the  k  having  the  largest 
absolute  value  was  selected.  If  it  exceeded  a  certain  value  (5  degrees  F 
was  arbitrarily  chosen)  then  the  altitude  increment  (and  hence  the  time  in« 
crement  At  )  was  divided  by  x,  a  number  proportional  to  the  magnitude  of  the 


k  selected  sbove. 

TTie  process  of  finding  the  solution  to  equation  (1-1)  on  the  computer 
is  illustrated  in  the  simplified  flow  diagram  of  the  Simulated  parachute 
flight  (Figure  7-1). the  transducer  was  given  an  initial  temperature  of 
90**F  at  226,000  feet  altitude.  1^*0  separate  flights  were  run,  correspond¬ 
ing  to  transducer  emissivities  of  €>  0  (no  radiation)  and  €  ■  0^1. 

The  balloon  flight  program  is  basically  the  parachute  program  with 
the  velocity  subroutine  eliminated  and  a  few  other  changes.  The  initial 
transducer  temperature  was  60"F  at  mean  sea  level.  TWO  flights  were  made, 
as  before,  with  e  ■  0  and  e  *0.1. 

In  each  of  the  above  flights,  the  thermal  boundary  layer  thickness 
at  the  transducer  was  calculated  from  the  relation  6  ^  l/2^  feet. 

8.  Result^. 

The  difference  between  the  predicted  transducer  temperatures  and  the 
Standard  atmosphere  temperatures  may  be  readily  seen  from  the  graphs 
(Figures  8-1  8  8-2).  For  the  parachute  flights  (Figure  8-1),  the  predicted 
temperatures  fore  ■  O.are  closer  to  the  air  temperatures  than  those  for 
e  •  0.1,  as  expected.  The  difference  between  the  two  cases  is  about  lO^F 
for  most  of  the  flight.  Below  30,000  feet  the  curve  forc  ■  Q  lags  the 
atmosphere  by  about  6*F  whereas  radiation  (e*  0.1)  brings  the  transducer 
almost  in  equilibrium  with  the  air  temperature.  The  predicted  temperatures 
above  80,000  feet  depend  largely  upon  the  initial  transducer  temperature. 
Based  upon  five  s^nples,  the  average  temperature  inside  the  Areas  nose  cone 
is  about  no”  -  120”F  just  before  the  instrument  is  ejected.  A  transducer 
having  a  temperature  of  60”F  on  the  ground  would  probably  reach  a  maximum 
temperature  of  about  90”f  or  possibly  less  during  the  two  minute  missile 


SUBROUT/NE-S 


Simplified  Flow 


flightc  Complete  results  for  the  parachute  flights  as  tabulated  by  the 
computer  are  given  in  Tables  I  $  lit 

The  temperatures  predicted  for  the  balloon  flight  (e  ■  0)  lag  behind 
and  finally  reach  the  air  temperature  at  about  70,000  feet  (see  Figure  8«2). 
After  leaving  the  constant  temperature  region  the  transducer  again  lags 
the  air  temperature  but  the  lag  increases  since  the  decreasing  air  density 
affects  the  heat  transfer  coefficient.  For  the  flight  with  e  ■  0.1  the 
radiation  effects  predominate  at  about  50,000  feet  and  after  leaving  the 
constant  temperature  region  the  transducer  leads  the  air  temperature  by 
about  lO^F  for  the  duration  of  the  flight.  Tables  III  §  IV  contain  the 
computer  output  for  the  balloon  flights. 

In  order  to  get  a  partial  check  on  the  above  results,  the  program  used 
to  solve  equation  (2*4)  in  the  preliminary  studies  (exact  solution)  was  re* 
run  using  the  same  constants  and  parameters  as  in  the  Runga-Kutta  solutions. 
These  results  differed  from  the  corresponding  Runga*Kutta  solution  (balloon 
flight,  €  ■  0)  by  less  than  0.5"F. 

The  results  presented  in  this  section  are  valid  for  a  transducer 
element  thickness  of  0.005  feet.  Since  the  quantity  A/V  appears  in  all  the 
terms  of  the  right  member  of  equation  (1*1)  it  is  obvious  that  if  a  smaller 
plate  thickness  is  used,  the  transducer  will  respond  faster  and  the  tern* 
perature  difference  between  it  and  the  atmosphere  will  be  less. 


4*1. 


TABLE  I 

TRANSDUCER  TEMPERATLNiE  vs  AIR  TQ#ERATURE 
Simulated  Flight:  Descent  on  fafachute 


Transducef  Bftissivlty  =  .000 


ALTITtDE 

TOTAL 

LAYER 

FALL 

BOUNDARY 

AIR 

TRANSDUCER 

TTMPERATURE 

MSL 

TBIE 

RATE 

LAYER 

TEMPERATURE 

EMFERATlNlE 

DIFFERENCE 

(TSa®  FT)  (MIN) 

(SEC) 

(FT/SEC) 

(FE®C) 

( 

DEGREES  F) 

( 

DEGREES  F) 

(DEGREES  F) 

220. 

.00 

.00 

625. 

.082974 

«i> 

41.975 

9O.OOO 

151.970 

215. 

.14 

8.81 

510. 

.082565 

— 

51.635 

89.177 

120.810 

210. 

.32 

10.52 

440. 

.079905 

21.297 

88.264 

109.560 

205. 

.52 

I2o00 

393. 

.075996 

10.959 

87.285 

98.245 

200. 

.74 

13.33 

357. 

.071674 

— 

.621 

86.264 

86.885 

195. 

.98 

14.58 

528. 

.067165 

9.716 

85.221 

75.504 

190. 

1.25 

15.91 

500, 

,065175 

20.054 

84.179 

64.125 

185^ 

1.54 

17.27 

279. 

,058885 

30.392 

85.168 

52.777 

180. 

1.85 

18.62 

258. 

.055045 

40.750 

82.227 

41.498 

175. 

2.18 

20.08 

240. 

.051299 

49.000 

81.375 

32.375 

170. 

2,54 

21.64 

222. 

.047945 

49.000 

80.525 

31.525 

165. 

2.93 

23.37 

205, 

.044766 

49.000 

79.565 

30.565 

160. 

3o55 

25.30 

189. 

.041929 

49.000 

78.495 

29,493 

155. 

3.81 

27.56 

173. 

,059418 

49.000 

77.296 

28.296 

150. 

4,32 

30.28 

157. 

,057220 

42.444 

75.803 

35.359 

145. 

4.87 

55.25 

145. 

.054965 

54.250 

73.746 

59.496 

l4o. 

5.48 

36.46 

150. 

.052986 

26,056 

70.971 

44.915 

135. 

6.15 

40.36 

117. 

.051281 

17,861 

67.540 

49.479 

150. 

6.90 

45.19 

104, 

.029856 

9.666 

62.699 

53.032 

125. 

7.75 

50.66 

93. 

,028504 

1.472 

56.904 

55,432 

120, 

8.69 

56.70 

85. 

.027005 

-- 

6.722 

49.865 

56.585 

115. 

9.77 

64.59 

72. 

.025971 

— 

14.916 

41.445 

56.362 

110, 

Hi  01 

74.48 

62. 

.025244 

23.111 

31.548 

54.659 

105. 

12.44 

85.75 

54, 

.024148 

51,505 

26.252 

51.558 

100, 

14.07 

97.95 

47. 

.025504 

-- 

59.500 

7.761 

47.262 

95. 

15.97 

114.20 

40. 

.022756 

... 

47.694 

5.769 

41.925 

90, 

18,26 

136.94 

33. 

.022590 

55.889 

20.U3 

35.776 

85. 

20.90 

158.84 

30. 

.021297 

— 

64.083 

34.527 

29.557 

80. 

23.85 

175.59 

27. 

.020179 

69.000 

47.960 

21.040 

75. 

27.10 

196.28 

24. 

.019259 

— 

69.000 

57.561 

11.439 

70. 

50.81 

222.51 

21. 

.018488 

— 

69.000 

— 

63.442 

5,557 

65. 

34.95 

246.91 

19. 

.017246 

— 

69.000 

66.596 

2.403 

60. 

59.37 

266.67 

18. 

.016155 

* 

69.000 

— 

68.680 

.919 

55. 

44.20 

289.85 

16. 

.Ol5i48 

69.000 

68.692 

.307 

50. 

49.49 

317.46 

15. 

.014281 

— 

69.000 

68.909 

.090 

k% 

55.05 

333.53 

15. 

.012857 

— 

69.000 

... 

68.975 

.024 

ko. 

60.60 

333.33 

15. 

.011539 

-f 

69.000 

68.993 

.006 

35. 

66.16 

333.33 

15. 

.010372 

«■ 

65’.  444 

66.729 

»  1.284 

30, 

71.71 

333.33 

15. 

.069323 

— 

47.667 

— 

53.274 

«  5.607 

25. 

n.27 

333.33 

15. 

.008380 

29.889 

37.256 

«  7,367 

20. 

82.85 

333.33 

15. 

.007535 

— 

12.111 

18.945 

«  6.833 

15. 

88.58 

333.35 

15. 

.006771 

-- 

5.^6 

— 

.467 

«  6.134 

10, 

93.94 

333.33 

15. 

.006086 

— 

25.444 

17.951 

-  5,493 

5. 

99.49 

333.33 

15. 

.003471 

41.222 

- 

36.302 

-  4.920 

TABLE  II 

TRAKSDUCER  TE^Q^ERAII^  vs  AIR  TEMPERATURE 


STMULATm)  FLIGHT:  BESCEHT  OH  PARACHUTE 
^ansdueef  EDlsslvity  =  .100 


ALTITUDE 

TOTAL 

LATER 

FALL 

BOtaiDARY 

AIR 

TRAHSPUCER 

TE^U’ERATURE 

MSL 

TIME 

TIMS 

RATE 

LAYER 

TEMPERAOlSlE 

TEMPERATURE 

DIFFERENCE 

THSHB  IT) 

(MIH) 

(SEC) 

(ft/sec) 

(FEET) 

(degrees  f) 

(degrees  F) 

(degrees  f) 

220. 

.00 

.00 

625. 

*0^974 

-  41.975 

90.000 

151.970 

215. 

.Ik 

8.81 

510. 

.082565 

-  31.635 

89.403 

121.040 

210. 

.32 

10.52 

440. 

*079903 

-  21.297 

88.759 

no.  060 

205. 

.52 

12.00 

393. 

.075996 

-  10.959 

88.066 

99.046 

200. 

.74 

13.33 

357. 

*071674 

-  .621 

87.402 

88.023 

195. 

.98 

14.58 

528. 

.067163 

9.716 

86.724 

77.008 

190. 

1.25 

15.91 

300. 

.063175 

20.054 

86.076 

66.022 

185. 

1.54 

17.27 

279. 

.058885 

50.392 

85.485 

:>55.094 

180. 

1.85 

18.62 

258. 

.055043 

40.730 

84.987 

44.258 

175. 

2.18 

20.08 

240. 

.051299 

49.000 

84.600 

35.600 

170. 

2.54 

21.64 

222. 

.047945 

49.000 

84.253 

55.232 

165. 

2.93 

23.37 

205. 

.044766 

49.000 

83.777 

54.777 

160. 

3.35 

25.30 

189. 

.041929 

49,000 

83*224 

54.224 

155. 

3.81 

27.56 

173. 

.039418 

49.000 

82.561 

55.561 

150. 

4.32 

30,28 

157. 

.037220 

42.444 

81.619 

59.175 

lI»-5. 

4.87 

33.25 

143. 

.034965 

34.250 

80a25 

45.875 

li^O. 

5.lt8 

36.46 

130. 

.032986 

26.056 

77.917 

51.861 

135. 

6.15 

4o.36 

n7. 

.031281 

17.861 

74.859 

56*998 

130. 

6.90 

45.19 

164. 

.029856 

9.666 

70.802 

61.135 

125. 

7.75 

50.63 

93. 

.028304 

1.472 

65.607 

64.155 

120. 

8,69 

56.70 

83. 

.027003 

-  6.722 

59.149 

65.871 

115. 

9.77 

64,39 

72. 

.025971 

-  14.916 

51.317 

66.255 

no. 

n.oi 

74.48 

62. 

.025244 

-  23. m 

42.025 

65.135 

105. 

12.44 

85.75 > 

54. 

.024148 

-  51.305 

31.354 

62.639 

100. 

14.07 

97.94 

47. 

.023304 

-  59.500 

19.420 

58.919 

95, 

15.97 

114.20 

4o. 

.022756 

47.694 

6.449 

54.144 

90. 

18.26 

136.94 

33. 

.022590 

-  55.889 

-  7.304 

48.584 

85. 

20.90 

i58.84 

30. 

.021297 

64.083 

21.244 

42.839 

80. 

23.83 

175.59 

27. 

.020179 

^  69.000 

-  34.479 

34.521 

75. 

27.10 

196.28 

24. 

.019239 

^  69.000 

*  44.123 

24.877 

70. 

30.81 

222.51 

21. 

.018488 

69.000 

-  50.233 

18.767 

65, 

34.93 

2^.91 

19. 

.017246 

-  69.000 

-  53. 8<^ 

15*138 

60. 

39.37 

266.67 

18. 

.016135 

«  69.000 

-  56.046 

12.954 

55. 

44.20 

289.85 

16. 

.015148 

**  69.000 

-  57.421 

1U.579 

50. 

49.49 

317.46 

15. 

.014281 

^  69.000 

«  58.364 

10.636 

55.05 

333.33 

15. 

.012837 

«  69.000 

-  59.528 

9.672 

UO. 

60.60 

333.33 

15. 

.0n539 

-  69.000 

-  60.312 

8.688 

35. 

66.16 

333.33 

15. 

.010372 

-  65.444 

-  58,952 

6.492 

30. 

Ti.n 

333.33 

15. 

.009323 

-  47.667 

»  46.334 

1.332 

25. 

77.27 

333.33 

15. 

.008380 

29.889 

-  31.279 

-  1.390 

20. 

82.^ 

333.33 

15. 

.007533 

-  12.111 

-  13.797 

1.686 

15. 

88.38 

333.33 

15. 

.006771 

5.666 

3.936 

-  1.730 

10. 

93.94 

333.33 

15. 

.006086 

23.444 

21.690 

-  1.754 

5. 

99.l^9 

333.33 

15. 

.605471 

41.222 

39.446 

-  1.776 

TABLE  in 


TRANSDUCER  TEMPERATURE  vs  AIR  TEMPERATURE 
Simulated  Flight:  Ascent  on  Balloon 
Ascent  Rate  ■  1000  Ft/Min6t  Transddcer  Emissivity  ■  ,000 


ALTITUDE 

ELAPSED 

BOUNDARY 

AIR 

AIR 

TRANSDUCER 

TEMPERATURE 

MSL 

TIME 

LAYER 

DENSITY 

TEMPERATURE 

TEMPERATURE 

DIFFERENCE 

(THSND  FT) 

(MIN) 

(FEET) 

(LB/GU  FT) 

(DEGREES  F) 

(DEGREES  F) 

(DEGREES  F) 

0 

0 

.004665 

.080000 

59,000 

60.000 

1.000 

5. 

5. 

.005190 

.064639 

41.222 

46.030 

4.807 

10  0 

10. 

.005774 

.052228 

23.444 

28.866 

5.421 

ISo 

15. 

.006424 

.042200 

5.666 

11.682 

6.015 

20  0 

20. 

.007146 

.034097 

-  12.111 

-  5.443 

6.667 

25. 

25. 

.007950 

.027550 

«  29.889 

^  22.501 

7.387 

30. 

30. 

.008844 

.022260 

-  47.667 

>  39.484 

8.182 

35. 

35. 

.009839 

.017986 

•  65.444 

56.386 

9.058 

40, 

40. 

.010947 

.014533 

«  69.000 

«  66.708 

2.292 

45. 

45. 

,012178 

.011742 

•  69.000 

-  68.381 

.618 

50, 

50. 

.013548 

.009487 

-  69.000 

«  68.827 

.172 

IS. 

55. 

.015072 

.007666 

-  69.000 

-  68.948 

.051 

60, 

60. 

.016768 

.006194 

•  69.000 

#  68.983 

,017 

65. 

65. 

.018654 

,005004 

-  69.000 

^  68.994 

.006 

70, 

70, 

.020752 

.004043 

69.000 

«  68.998 

.002 

75, 

75. 

,023087 

,003267 

*  69,000 

-  68.999 

.001 

80. 

80. 

.025684 

.002640 

-  69.000 

-  69.000 

.000 

85. 

85. 

.028573 

.002133 

#  64.083 

-  67.670 

3.586 

90. 

90. 

.031787 

.001723 

^  55.889 

-  64.022 

-  8.133 

95. 

95. 

.035 363 

.001392 

-  47.694 

^  58.765 

^  11.071 

100. 

100. 

.039341 

.001125 

*  39,500 

*  52.791 

»  13,291 

105. 

105, 

,043766 

.000909 

*  31.306 

•  46.520 

^  15.214 

no. 

no. 

.048689 

,000734 

^  23.111 

•  40,147 

»  17.036 

115. 

115. 

,054167 

.000593 

-  14.917 

*  33.774 

-  18.857 

120, 

120. 

.060260 

.000479 

-  6.722 

e  27.456 

•  20.734 

125. 

125. 

,067038 

.000387 

1.472 

•  21.227 

«•  22.699 

130. 

130. 

,074580 

!  .000313 

9.666 

«  15.108 

*  24.774 

135. 

135. 

.082970 

.000252 

17.862 

^  9.112 

^  26.974 

140. 

140. 

.092303 

.000204 

26.056 

^  3.264 

«  29.320 

145. 

.  145. 

. 102690 

.000165 

34.250 

2.442 

31.807 

150. 

ISO. 

.114240 

.000133 

42.444 

8.002 

34.442 

155. 

155. 

.127090 

.000107 

49.000 

13.350 

35.650 

4^17 


TABLE  IV 

TRANSDUCER  TEMPERATeRE  vs  AIR  tlMPIRATURE 


Simulated  Flight:  Ascent  on  Balloon 


Ascent 

Rate  ■  lOOo 

Ft/Min. , 

TranSducef  Emissivit/  ■  .100 

ALTITUDE 

ELAPSID 

BOUNDARY 

AIR 

AIR 

TRANSDUGER 

TEMPERATURl 

MSL 

TIME 

LAYER 

DENSITY 

TEMPERATURE 

TEMPERATURE  . 

DIFFERENCE 

(THSND  FT) 

(MIN) 

(FEET) 

(LB/GU  FT) 

(OEGREES  F) 

(DEGREES  F) 

(DEGREES  F) 

e 

0 

.004665 

.080000 

59.000 

60.000 

1.000 

5. 

.005190 

.064639 

41.222 

48.585 

7.362 

10. 

10. 

.005774 

.052228 

23.444 

31.955 

8.510 

IS. 

15. 

.006424 

.042200 

5.666 

15.311 

9.644 

20. 

20. 

.007146 

.034097 

-  12.111 

-  1.219 

10.892 

25. 

25. 

.007950 

.027550 

-  29.889 

-  17.621 

12.268 

30. 

30. 

.008844 

.022260 

-  47.667 

-  33.883 

13.784 

35. 

35. 

.009839 

.017986 

-  65.444 

-  49.992 

15.452 

40. 

40. 

.010947 

.014533 

«  69.000 

-  59.435 

9.565 

45. 

45. 

.012178 

.011742 

-  69.000 

#  60.316 

8.684 

50. 

50. 

.013548 

.009487 

-  69.000 

-  59.917 

9.082 

55. 

55. 

.015072 

.007666 

-  69.000 

«  59.118 

9.882 

60. 

60. 

,016768 

.006194 

-  69.000 

-  58.147 

10.853 

65. 

65. 

.018654 

.005004 

-  69.000 

-  57.060 

11.940 

70. 

70, 

.020752 

,004043 

*  69.000 

-  55.866 

13.134 

75. 

75. 

,023087 

.003267 

-  69.000 

*  54.564 

14.436 

80. 

80. 

,025684 

,002640 

-  69.000 

-  53.147 

15.853 

85. 

85, 

,028573 

,002133 

-  64.083 

#  50.288 

13.796 

90. 

90. 

.031787 

,001721 

-  55.889 

-  44.972 

10.917 

95. 

95, 

,035363 

.001392 

-  47.694 

-  37.995 

9.699 

100. 

100. 

.039341 

.001125 

39 . 500 

>  30.255 

9.244 

105. 

105. 

.043766 

.000909 

-  31.306 

«  22.140 

9.165 

110. 

110. 

.048689 

.000734 

-  23.111 

-  13.843 

9.268 

115. 

115. 

.054167 

.000593 

-  14.917 

-  5.465 

9.451 

120. 

120. 

.060260 

.000479 

-  6,722 

2.934 

9.657 

125. 

125. 

.067038 

.000387 

1.472 

11.322 

9.849 

130. 

130. 

,074580 

.000313 

9.666 

19.669 

10.003 

135. 

135. 

.082970 

,000252 

17.862 

27.956 

10.094 

140. 

140. 

.092303 

.000204 

26.056 

36.163 

10.107 

145. 

145. 

.102690 

.000165 

34.250 

44.274 

10.023 

150. 

150. 

.114240 

.000133 

42.445 

52.271 

9.826 

155. 

155. 

.127090 

.000107 

49.000 

60.100 

11.100 

4-18 
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1.  HraROBUCflON 

1.1.  Seaeral 

The  acoustie  Inteffefometer  (See  Section  II‘>6)  of  SonOtherm  is  designed 
to  measure  aliiOi^hefiG  parametefs  from  a  moving  platform.  Since  the  motion 
of  the  transducer  through  the  air  is  equivalent  to  the  flow  of  a  viscous 
fluid  past  a  solid  houndary >  a  boundary  layer  vlll  he  set  up  near  the  trans*^ 
ducer  faces.  &e  structure  of  this  layer  is  discussed  in  Section  I—5*  Of 
particular  interest  are  the  IMckness  of  -Uie  layer  and  the  behavior  of  1^e 
temperature  and  density  gradients  hetveen  the  transducer  ■  face  and  the‘.undi«tiirhed 
medium  since  these  factors  have  a  great  influence  on  the  speed  of  sound  as  it 
Is  transmitted  through  the  space  between  the  faces. 

This  paper  presents  a  study  of  acoustic  wave  transmission  in  the  alaos^ 
pheric  medium  by  the  electrical  transmission  line  analogy.  The  transmission 
Is  described  by  a  second  order  nonlinear  differential  equation  with  variable 
coefficients,  whose  solution  in  closed  form  does  not  exist.  The  best  so1vh> 
tlons  are  obtained  by  the  WKBJ  approximation  method  and  Frobenlus*  method. 

The  HKBJ  method  yields  a  solution  In  ejqponentlal  form.  This  method  Involves 
a  restricting  condition  over  the  application  of  the  solution;  however,  a 
better  conprehension  of  system  behavior  is  possible  due  to  the  simpler  and 
more  descriptive  solution.  The  solution  by  the  Frobenlus  method  is  in  the 
form  of  an  inflate  power  series  i^ch  is  not  of  any  known  function*  The  aon* 
curacy  of  this  method  can  be  hiproved  to  any  desired  degree  by  inclusion  of 
additional  terms.  Therefore,  this  method  should  be  vused  whes  numerical  ac*!^ 
curacy  is  desired. 

^  solution  obtained  is  combined  with  foupi^teridnal  electrical  network 


analysis  In  order  to  further  the  investigation  Of  acoustic  Inpedance  across 
the  transducer.  The  result  of  the  theoretical  analysis  is  an  e^^resslon  of 
the  acoustic  inpedance  across  the  transducer  vhich  related  the  characteristic 
iispedance  of  the  undisturbed  medium  uhose  tei^erature  is  to  be  determined  to 
the  characteristic  iqpedance  of  ‘^e  botmdary  layer  and  the  fre^ency  at 
vhich  the  pressure  peaks  are  to  be  detected. 

Finally  the  method  of  applying  these  results  to  the . determination  of 
the  speed  of  sound  In  the  undisturbed  medium  is  presented. 

1*2.  Initial  concept  and  object 

Consider  an  Ideal  case  of  a  plane  vave  generator  and  a  parallel  receiver/ 
reflector  separated  by  e  distance.  The  temperature  of  the  system  is  assumed 
to  have  reached  equilibrium  and  the  air  medium  between  the  plates  is  a  homo«> 
geneous,  lsotropl<^  Ideal  gas  In  the  direction  of  the  propagation. 

It  Is  veil  knovn  that  the  temperature  of  the  medium  can  be  determined 
based  on  the  knovn  dependence  of  the  veloci^  of  acoustic  propagation  upon 
the  temperature  of  the  medim. 


idiere 

7  m  ratio  of  specific  heat  at  constant  pressure  to  that  of  at  constant 

VOlUM 

.  R  s  universal  gas  constant 
M  ■  molecular  mass  of  air 
T  «  tesperatigre  of  medluii 

The  measureeient  of  teaqperature  "by  the  acoustic  vave  traa8id.ssion  method 
Is  essentially  reduced  to  the  measuresKnt  of  the  velocity  c*  The  velocilgr 
is  of  course  dependent  upon  the  acoustic  iipedince  of  the  medium.  The 


actual  situation  in  the  alassophej^e  is  far  from  the  Ideal.  First,  there  would 
-rarely  be  a  temperature  equilibrium  between  the  instrument  and  l^e  a'hnospherlc 
medlumj  secondly,  the  medium  would  not  be  isotropic  nor  homogeneous  because  of 
i^e  theimodynamic  botmdary  layer  formed  due  to  the  relative  motion  of  the  sys« 
tern  with  respect  to  the  aimo^herie  mediua.  Qie  effects  of  the  viscosity  of 
the  medium  are  considered  to  be  limited  to  the  formation  of  this  fluid  boundary 
layer.  Acoustically,  the  medium  is  still  considered  to  be  ideal,  and  viscous 
effects  are  neglected. 

The  lomediate  object  of  the  investigation  of  the  acoustic  impedanee  of 
the  atmospheric  medium  is  the  determination  of  the  boundary  layer  character^ 
istlcs  and  their  effects  on  the  vave  transmission.  ISie  boundary  layer  char!^ 
aeteristlcs,  into  consideration  all  possible  variations  of  the  parameters 

involved,  dictate  the  variation  of  acoustic  li^edaace  and  in  turn  the  velocity 


1»3*  Physical  PescrintiQn  laid  the  Operations 

Ideally,  the  acoustic  Interferometer  (section  II-6)  consists  of  a  plane 
wave  generator  and  a  receiver/reflector.  The  separation  is  some  integral 
multiple  of  a  halfi^veleagth. 


Plane  wave 
Generator 


Figure  l,!Hl 


The  (derating  frequeney  of  the  generator  is  25*50  KG.  The  detecting  ia» 
strument  assaibly  continuously  records  the  inagnltude  of  the  standing  vave 
pressure  on  the  face  of  the  receiver/reflector  as  the  generator  varies  its 
frequency^  The  maxiimm  pressure  exists  only  vhen  l^e  frequency  is  such  tiiat 
the  separation  is  8c»e  integral  mltiple  of  a  half*mvelength.  The  velocity 
G  is  determined  on  the  hasls  of  *^0  relationship 


2  " 


(1.3-1) 


idiere  X  =  imvelength 

Uq  s  normal  frequency  (frequracy  at  vhich  the  acoustic  pressure 

is  detected.) 

As  was  mentioned^  the  medium  is  not  homogeneous  nor  isotropic.  The  above 
equation  must  be  modified  according  to  the  boundary  layer  characteristics: 

nX  nsic 


L  » 


(1.5-e) 


The  boundary  layer  is  assumed  to  be  parallel  to  the  transducer  faces.  An 
investigation  of  the  boundary  characteristics  has  indicated  that  the  teap^ 
erature  variation  in  the  difeetlon  of  propagation  is  given  as  [1] 


+  Ts  (1,5^) 


uhere 


>  tespcrature  of  generator  and  receiver/reflector^ 

^  m  temperature  of  undisturbed  atmoroheric  medium,  and 
5^  thichness  of  boundary  lay^  (x  a  5). 


Then  the  velocity  of  acoustic  wave  propagatioa  in  the  boumdary  is  esqprea^ 
sible  as: 


a.5^, 


Cg  9  velocity  in  the  undisturbed  mediiss 
AT  »  tsapermture  dlfferemce  Ty. 


Die  acoustic  characteristic  Isqpedaiice  is  defined  as  the  ratio  of  the  ef^ 
fective  sound  pressiure  at  a  given  point  to  the  effective  particle  veloci"^  at 
the  point*  and  is  equal  to  the  product  of  the  deasily  of  the  nedivna  and  the 
velocity  of  sound  c*  Ohe  Inpedance  of  the  boundary  layer  and  the  undistinrbed 
nldr-section  are  discussed  belov. 


The  characteristic  iapedance  of  this  section  (Zp)  is  given  as: 

Z  s  p  c  . 

o  ^o  o 

p>^ng  imdlsturbed*  this  section  is  hosogeneous  and  isotropic.  |)lscus» 
along  given  above  under  the  ideal  situation  are  applicable, 
l.lia.  Boundary  Layer 

characteristic  inpedance  of  the  boimdaiy  layer  is  dependent  upon  the 
poBltion  as  Equation  1.1*^1  ^k»«b.  She  characteristic  Ispedaace  is  a  fmction 
of  Xf  6  *  and  AT. 
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Z(x)  «  p(x)e(x)  =  f(x,6,AT) 
Derivation  of  f'(xiD>AT)  in  given  in  detail  in  section 


2.0.  W^VE  EODAflON  fm  ACOUSTIC  IMPEDANCE 


2.1.  Solntion  fojr  Undinturked 


The  propagation  of  plane  waves  in  a  bonogeneou8>  inotropic 
medium  is  governed  tty  the  foUoving  e^tions.  [2] 


“  dn  ^  1  dp 

Sx  ~  1  §t 


nondinnipating 


(2.1*4) 


p  s  particle  pressure 
u  *  particle  velocity 
p  s  density  of  meditm 
B  s  hnlk  modulus  (adiabatic) 


With  the  particle  pressure  as  a  dependent  variable,  the  vave  equation  is 

_  1 


d 

ot‘ 


(2.1-2) 

He  general  solution  to  this  equation  asswing  sinusoidal  variation 


p(*)  .  *  5  > 

Cp 

«(*)  •  —  •  g 

and  the  iaipedanee  as  a  function  of  position  is 


(2.1-5a) 

(a.l^b) 

(2.1.^c) 


2.2.  Solution  for  the  Diatnrbed  Boundi^  Lavear 
The  resultant  differential  equation  after  the  variation  of  e  is 
considered  is  of  second  degree,  nonlinear,  vith  variable  coefficients. 


(2.2-1) 


Hie  sdlutlon  to  iMs  equation  is  jji  fOrp  Of 

»<*)  -  *  T'S*)  (2.g^») 


(2.2^b) 


(2.2«2c) 


71  s  forward  propagation  constant 

72  s  IjackwaM  propagation  constant 
A,  B  =  constants 

(7  is  a  eoppXex  quantity  i^se  1  ■aginary  term  is  the  absorption  con^ 
stant  and  the  real  tern  is  the  phase  constant.) 

Ihillke  in  the  undisturbed  mid— section,  the  isqiedimce  ^(x)  of  the  boundazy  is 

a  function  of  X,  6 .  At  .  As  it  is  seen,  the  velocily  of  e(x)  in  the  boundary 

is  most  ingportant  in  %he  detezmination  of  ailbient  temperature. 


3.  SOLOIIOH  OF  THE  DXnsmiAL  EqDAUGir 


There  are  considerable  adyantages  in  finding  an  cuialytical  solution 
for  a  differential  equation  ^dien  this  is  possible.  The  solution  to  Eq.  (2.2-1) 
in  analytic  form contalas such  acoustic  parameters  as  boundazy  thickness  (  6)« 
the  tenperature  difference  (4T),  and  the  normal  frequent  ^'kose  inter- 
relationship  is  iiportaat  for  the  investigation  of  acoustic  impedance* 

There  are  several  methods  of  solution  to  this  type  of  nonllmear  dif¬ 
ferential  equation.  As  is  true  for  virtually  all  methods  of  attacking  nonlinear 


problems,  no  one  of  tbese  methods  gives  all  the  infofmajbldn  desired.  Often 
it  is  desirable  to  use  several  methods each  method  providing  certain  infor»- 
mation  otherwise  unobtainable  by  other  methods.  (Jonsidering  the  ecnplications 
arising  in  each  method  and  the  accuracy  of  the  solution  in  the  final  numerical 
value,  a  solution  by  the  WKBJ  approximation  method  and  frobenius*  method  are 


Mathematical  procedures  for  Frobenius'  method  are  tedious  but  the 
degree  of  accuracy  can  be  improved  by  more  terns  in  the  power  series. 

!lhe  fdCBJ  method  provides  a  general  descriptive  solution  from  which  the  inters 
relationships  among  the  parameters  can  be  studied. 


3.2.  wirB.T  Adp  Motion  Method  [3] 


E4.  2.1^  is  rewritten  in  a  slightly  different  form  as  Shown. 

p"(x)  +  ^  J  p(x)  m  0  (3*S*‘l) 


U 


The  iBBgnitude  of  the  mecus  value  Pf  ^  1*  relatively  large  about  which 
variations  take  place.  That  is 


0<1- ^  [l.| 


_2(5 


<  1 


The  solution  contains  only  a  cassplementazy  part,  for  the  equation  is  free  of  a 
forcing  function.  Uhder  the  restricting  condition  mentioned  below,  t^  solution 


vhere 


-/ellr  •  ^ 


&e  integration  of  the  series  is 

vi 


•'■>  -tc-f )  {-Kti-er-'-iWf  sr' 
•[•kCex-O’-^ct-TC-s)-]-- 
gT(*-^r-a(^)‘(-5.r]' 

. .J  (5.^) 


The  final  form  Of  the  particle  praasure  iS: 

-i 


+026 


After  the  constants  Ci  and  C2  are  eraluated  and  further  Sil|plifl<« 
cation,  the  sound  pressure  p(x)  is 


V*  PoBin^  ( ^1^  ’[^Bln 

sin  ♦  (5) 


(3.S-4) 


uhere 


p  ■  presswe  at  toiperatiiare 

Pj^  m  pressure  on  the  face  of  recelyer/reflector 


♦(6)=  oCx) 


I  X  »  5 

As  it  can  he  seen  the  iraidid  i  pressure  is  a  ftmction  of  the  oper^ 
ating  frequent,  the  ratio  of  the  tiuiperature  difference  to  the  ataosid^ic 


5-9 


teaiperati^e  and  the  thickness  of  the  houndai^. 

The  particle  veloclly  u(x)  imd  the  Inpedanee  Z(x)  are  obtained  by 
Ets.  2-3b  and  2-‘%  (See  1^.  ACOUSTIC  IMPEEAnCE  QIAIISMISSION  LQIE  ASALOCT.) 

5 *3  l^bfMalMVJttel^iod  (infinite  Power  serles)!^^ 

The  solution  of  Eq«  2^  is  asstned  to  be  a  product  of  two  functions 


p(x,t)  =  f(x)  .  e*^* 

and  F(x)  to  be  a  power  series  of  the  form 

F(x)  =  e*^*  ®a^+  a4X‘‘+  .4.. +  a^x“  . . . 

vhen  the  second  derivatives  of  p(x,t)  with  respect  to  x  and  t  are  Substituted^ 
the  differential  equation  takes  the  following  form,  from  which  the  coefficients 
ai,  as,  aa,  a4  4444.4444  a^  ...  must  be  found  so  that  the  original  differential 
equation  is  satisfied. 


UsO 


+ 


^  ^  P(^l)(P»2)(lH-3)  ...4  (p»[k-l3) 
k-1  p=l 


The  folloidjsg  are  saoqples  of  the  first  few  terms, 
term  is  also  given. 


The  egression  for  a  genenU, 


p(ih-1)(p»2)(p4-3)  (i>f[2n^l) 


-5)i 


D' 


-  (n«3)(2n-5)ll®M^7^  p(p»l)(lH-g)(lH-3)  ...  M 2a^l)  ^Af 

pasl  (2®“5)  •  O 


+  P(P*lHl^KiH3U.^  JCiH-t2n^]  )  f^\ 

5  (2a-7)i 


iH-[2ii-8] 


(ft-5)(n-6)(2n~ll) 

31 


j4,^l3y  B(pt3JI^g)(^3)  »..  ( 

(2b -9)1 


p+[2n«l0] 


®2b<-1 


-  1 
'”  (2|H^l)(2n) 


b>l 


b>l 


P^l 


In  the  Bhore  eq^tlon 


1 

El  -  1 

(2ih4) 

Me  -  i^) 

(n^Xan-T) 

lb  •  (»'5)(2b-5) 

CS4  »  ■(n-4)(n-.5)(2n-9)  H4  =  (n-4)(2n-7)(2a-9) 

3  5 

Gs  ^  (n-5)(n-6) (2n-U)(2tt-13)  Hg  ^  (n-5)(a-6)(2n^)(2n-ll) 

31  31 

fhe  geaex^  egression  given  above  Ineltides  to  sixteen  terns. 

The  degree  of  aecuracy  in  niaierical  value  can  be  in|>rOved  by  adding  mGr  e 
terns  in  l^e  series.  An  laevl table  problem  in  the  solution  of  power  series 
is  the  rate  of  convergence.  The  convergence  of  the  power  series  is  such  as 
to  insure  a  isaxliinin  error  of  less  than  one  five  thousandth  using  sixteen  t«niis« 

3i*^*  conparison„of_ia&e  Tho 

^e  cunbersome  nathejmatlcal  operations  and  considerably  long  ex»' 
presslons  (2^5  and  2-^)  of  the  results  often  bury  the  physical  jeeanlngs  of 
the  parameters  and  cloud  clear  Interpretations  of  their  relationships.  The 
WKlBj  method  avoids  mathematical  Involvement.  Solution  by  this  method  leads 
at  once  to  a  picture  of  the  process  Involved  and  allows  a  straightforward 
Investigation  of  the  results.  For  Instance,  It  shows  clearly  that  the  aapll^ 
tode  of  sound  pressure  Is  Inversely  proportional  to  sin  4>  (5)  and  directly 
proportional  to  the  onenfourldi  power  of  the  ratio  of  temperature  difference 
to  the  atmospheric  i^lent  teag^rature;  that  the  propagation  constant  Is  law 
versely  proportional  to  the  onewhalf  power  of  the  seoee;  that  the  boundary 
thickness  5  has  increaalng  effects  as  it  becomes  thUmer,  etc.  (3^) 

4.  A00IR3TEC  DlFEGAIICi  BT  TRABa^IOH  LUE  ABALOGY 

4.1.  Qeneral 

The  followlmg  figure  represents  essential  parts  of  tha  transducer. 


a  sln^llfled  equivalent  electrical  oodei  for  the  study  of  acoustic  inpedance 
hy  tranfmission  line  analog. 


figure  ij^.l-l 


Zi(x),2^(x? 

Zls 

Zlo 


Characteristic  inpedaace  of  nonuniform  mid^ectlon, 
characteristic  iBQ>edAiice  of  nonuniform  houndary  la^r, 
load  Inpedance 

total  input  liiq>edance  vhen  loadi>^end  is  shortHsireuited 
total  input  iiig>edance  idira  loadhend  is  opcn^l^culted. 

,(5) 


According  to  four-terminal  netuorh  theory'^  ,  the  oul^t  pressure 
(Ps)  is  rented  to  the  input  pressure  (Px)  hy: 


Ps 


Z.  f-i-  +  -i—  ' 

h,  J 


1.  • 


hs 


In) 


When  the  circuit  impedance  is  hilatwal  and  the 
gp^tier  than  the  short-circuited  iapedance 


load  lapcdaace  is  much 
the  ahove  equation  hjecomes 


(4.1-1) 


The  above  equation  (^.lr4)  e^Ovs  the  elation  between  the  sound 


pressures  at  the  generator  and  reflee tor  plate.  When  the  Internal  Inpedanee 


Of  the  generator  Z  Is  tedcen  Into  eonslderatlon>  (4^.1»1)  takes  the  following 

s 


form* 


Pa  *  2r 


Pi  - 


~  ?lc 


Pi 


(k.l^) 


6 


The  output  pressure  fe  is  directly  proportional  to  uhen  the  internal 
inpedance  of  the  generator  is  a  constant.  In  the  following  sections  >  the 
expression  of  the  input  ispedanee  of  the  transducer  is  derived,  and  the 


condition  that  Z^^  becones  iiax1tn«  is  investigated  using  a  sioplified  andel^ 
an  approximate  toodel,  and  the  exact  model. 


4.2.  CA^  1.  Three  tOfajfojrm  TransMssion  lJnes  (hsc 

Three  uniform  trwssiiiaaion  lines  are  cascaded.  The  characteristic 

Isqpedance  of  the  two  end  sectiona  is  which  is  different  from  that  of 

the  mid  section  Z. . 

o 


Ibe  UnpedEmee  at  »  ^  5 

Zi  »  «JZ^G6t  (U.^l) 


Uhen  it  is  assumed  that  l^e  load  iiqtedaiice  is  Infinite  (^enr^ircuit)  or 
very  large  cofqpared  with  the  characteristic  Impedance  Z^^^  Lihevise^  the 
iaqpedance  Za  et  x  s  5  is 


looking  toward  the  load  Z^  is 


%  +  jZotan  po  (l^) 


o  Zo  +  jZitan  #6  lh-26) 

The  total  ininxt  iagpedance  at  x  »  L  looking  toward  the  load  is 

Zz  *  jz_j^  tan  gi6 

^total  “  ^ol  (4.2-5) 

After  successive  sxibstitations  of  Zx  ^  into  the  last  equatiOn>  the 
total  lxq[tut  inipedance  with  load-end  Z^^  is 


(  ^  ^  tan  ^0  (Ir^)  +  tan  eot  5i6 

Z,  =  JZ  -  Q  -  ^  -  t  >  ^  - - - 

T.O  *'  Ol  Z_,  Z 


^  cot  Pi6  tan  Po(L  26)  tan  Mt*®  PdB(L  ^ 


“ol 


The  condition  for  Zj^^  to  he 


tan  (l  k)6  > 


is 

2 


^  tan  Pi6  -  ^  cot  Pi6 
^ol  \ 


+2 

(4.&-4) 


Z 


ol 


Z. 


tan  5x6 


w 


cot  5x6 


(4.2-5) 


where 


k  ^ 


L 


I 


L 


She  relation  between  k  lu^  @  is 


where 


L« 


n.in  _ 

1-kU-A) 


(4.^) 


A  » 


Ck:>iiQ>arlng  the  above  with  Eq.  (l.3*l)> 


a  eorreetlon  term 


l-k(l-A) 


is  introduced,  it  is  obvious  that  the  ratio  Of  the  boundary  thickness  6  to 
the  sq^atiOn  L  and  the  ratio  of  the  eharaeterlstic  lag^danee  Of  the  undi#» 
turbed  medium  to  that  Of  the  boundary  have  attributed  a  shift  of  the  normal 
frequenGy  by  ^  as  the  foUowlng  equations  shov. 


and 


then 


L 


n  jt  c 


t  ~  ,n  n  c 


4.3*  CASE  II.  A  O^orm  Line  and  Two  lominiform  Lines  at 
akLs  (ApwmxiJiBiKlCTat) 

A  uniform  line  of  impedance  and  two  noaoniform  lines  at  the 
ends  ore  cascaded  as  the  foUowiag  figure  shows. 
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particle  preaaure  p(x),  particle  r^cltgr  u(3c),  and  the  lapedance 


Z(x)  of  the  righti>hemd  side  noihmnifdxin  line  are  as  follovs  according  to  the 
iOQBj  aipiproxiiiiate  solution  discussed  previously. 


»(*)  -  -ri 


wp(i) 


.  M 

dx 


z(x)  = 


(5.2-a) 

(2.1-5a) 

(2.1«5c) 


When  the  constants  Ci  and  Qg  are  e^^uated  having  the  loadnend  q^ed,  the 
i]Q>edanee  of  the  nontmifom  houidaiy  becomes 


(‘*>00  “  ‘*>0x)c6se  (x) 


vhere 


u)  s  frequency 


i>(x 


dx 


= 


X  =  0 


The  input  liqwdance  Zi  at  x  s  is  then; 
Zi  *  Z(x) 


co6<t'(6)  —  c*(o)  Sin<t'(6) 

s  *v»  c  2w 

“  0  sineXB )  *  e  *  10)  eOse  (6 ) 

2u) 


1  —  c*(9 )  tan<'(6) 

4  «  2u 

■“^Po  o  tM<i  (6)  V  c*(0)  ~ 


where 


c'(o)  «  ^  c(x) 


x^o 


(4.31-1) 


The  above  equation  (4.31—1)  is  easily  recognizable  as  a  modified  form  of 
Eq,  (4.2-1)  idodch  is  discussed  in  CASE  I.  When  <«  1  eed  is  negligible. 


the  expressioti  Is  Identical,  second  tez^  in  the  numerator  and  the 

denominator  are  the  supplementary  terms  added  due  to  non^iformity  of 

c'(o) 

the  section.  The  magnitude  of  the  correction  terms  is  ^  '  ,  enveloped 
hy  a  sinusoidal  variation  vhose  argaumt  is  <t>(6).  The  exp:*ession  for  4*  (5) 
is  given  in  Eq.  (3.!^)^ 

**■.52.  tfaif ogn  Mid-section 

The  ia^edance  at  the  left  end  of  ^e  unlfogn  section  is 

vhere  Zi  is  the  load  is^dance  discussed  in  (^.31—1). 


•33.  Lef tF^fland  Side  Itonunifogn  Section 
When  the  constants  Ci  and  Ca  are  evaluated  in  Sq.  (3.2-^)  with 
load  impedance  Za  at  x  s  Lp.  6|  the  input  impedance  looking  to  the  right  is 


total 


l+^^taiiS(6) 


ge  t. JZQtan»(6) 


Zo+  JZa - -S! - 

cotS(6)+  ^  * 


idiere 


pg  >  p  at  the  generator 
Op  *  e(x) 


d 


X  -  L 


c'(6)  =  [c(x)] 


SuBsarizing  the  sectioned  Impedances, 
c'(0) 


1  « 


Zi  «  v.jz^ 


2u 


tGai<t>(5) 


taa>(0)+ 


2u 


Zi  .IZotan  (LpC61 

*»  zi  ♦  Kt*« 


(4.31p4) 

(i».3>*e) 


■“total 


=  G|f 


1  + 


SH 

2u) 


tan<l>(6) 


Zg  +  .1Zotan<l>(5) 

1  -  cot(t.(6) 

Zo  +  JZe  ^ 

cot<t)(6)  + 

(i^.55*3) 

In  the  following  section^  the  total  jJoEpedance  is  dlsGussed  and 
centred  with  the  results  under  CASE  I. 


Total  Input  Impedance 

Total  Input  Impedance  1$  obtained  \dien  the  sectioned  li^edances 


are  cascaded;  Zg  and  Zi  are  substituted  In  successively. 


^total  - 


Pg  ^ 


A  -  tanSod*  -  26)-tan^(6)il  +  AtanSo(L  -  26)] 
1  +  AtanSoCL  -  26)  +  N^IA  -  Tai^olL  -  26)1 


In  the  above  equation 

1  ^  (S) 

tan't’(6)  + 


1  -  cot<t>(6) 

cot<l>(6)  -I- 


cotl>(6) 


=  tan0(&) 


(4,5^i*l) 


Equation  (4.^3^)  ejqpresses  the  total  input  i]iq>edance  idien  the 


loadnend  is  considered  opened.  The  equation  is  identical  to  the  regulsyr 

c'(0) 

tnoisMsslon  line  equation  when  «<  1  is  negligible.  Similarity  be^ 

tween  (^lOb)  and  (4-^)  is  noticeable;  the  magnitude  is  modified  by  a  factor 

of  —  ' -  due  to  nonunlfomdly  of  the  end  sections.  The  con^ 

1  +  ^  t«»(6) 


dition  which  makes  the  total  input  impedance  maxinitum  is  as  follows 


^ere 


tiua(l  -  k)0  «  ^  *  3^ 
N  *  A 


(k,3^ 


k 

9 


26 

L 


is 

are 


above  eondltion  is  a  aodlfied  form  Of  (4#2>^)^  !I^  slfflilarily 

Crraphlcal  aolutions  of  the  traaseendeatal  eipatiOh 
as  an  iiliutratiOB.  Solutioms  are  the  iatersectloBS  of 'the  two 


curves.  (Refer  to  figures  -2,  »5,  aai  U.) 

We  can  nov  easily  coapreheBd  the  meaning  of  Eq.  (^.5^)  end 
(4.3Ml):  there  Is  more  than  one  frequency,  in  the  vicinity  of,  say> 
at  tdiich  the  msj^tude  of  standing  vave  at  the  receiver  reflector  face  is 
ttaxirnim.  The  separation  of  the  two  frequencies  or  the  deviation  of  the 
frequencies  from  the  normal  frequency  (♦  =  ii  in  this  example)  is  a  function 
of  the  boundary  layer  thickness,  the  iqpeed  of  souad,  and  the  ratio 
flowing  the  frequencies,  ui  and  us,  the  boundary  layer  thickness  and  the 
temperature  of  the  undisturbed  medium  can  be  determined. 

g  •  /  0^ 

under  an  assumption  that  '‘g*  amell,  the  above  eomdition 

(4.3^)  becomes 

tan(l<^)e  B  ^tan  2e(6) 


or 


V  + 


2u6 

% 


from  idiieh 


(4.3M) 


a^HICAL  SOLUTION  01’  THE  TRANSIOEMTAL  EQl 
$i!Hi.irriONS  IRE  MARRED  BY  Si  AND  S- 


3irc' 


:l^e  result  Is  tbe  Same  as  {k,2^)  as  in  CASE  I;  bovever>  it  Is 

mere  clear  and  definite  what  effeets  %  and  6  Mve  on  the  Sfeed  of  sound  c^. 

/  'N 

The  qualifying  restriction  is  that  the  product  (  )  te  mnalli 

CASE  III.  A  t^liforft  Line  aad^^T^  Mnea  at  EfaAa 


4^41.  General 

The  derivation  of  the  exact  expression  for  the  total  open*«nded 
input  inpedance  is  presented.  As  it  is  noticed>  the  finite  discontinuities 
of  the  acoustic  impedances  at  the  houndaiy  are  neglected  in  CASE  I,  and  the 
forward  wd  backward  propagation  constants  are  not  considered  separately  in 
CASE  II.  Tbe  VKBJ  approximation  method  does  not  disclose  the  difference  be^^ 
tween  the  two  propagation  constants. 

Ihe  procedures  for  deriving  the  mpedance  are  similar  to  those 
enployed  in  CASE  II.  The  total  sepaxation  is  sectioned  into  three  parts  as 
Fig.  4.3^1b  shows.  The  particle  pressure  and  ^velpcity  are  ei^ressed  as  follows, 
assuming  sinusoidal  variation  of  both,  but  separating  the  forward  and  baek^ 


ward  propagation  constants* 

p(x)  . 


(4.4i**a) 

(4.4i-«e) 


where 


7i(x)  =  aix  +  aax^  +  ae?^  +  ...  +  a  x  +  ...  (forward  propagation 

constant) 

72(*)  =  AiX  +  AgX^  +  Ae^^  +  ...  +  A  jT  +  ...  (backward  propagation 

constant) 

fl(*)  »-5|- 

fa(»)  •  3^  [ra(»)] 


It  can  lae  shovn  that  ai  and  A].;  a^  and  Ag;  are  efual  in  nejpltude  hut  -^e 
suhseqaent  tenns  a3  and  Agj  a4  and  At;  ,*»*»are  not,  uhieh  indicates  that 
the  forwud  and  hackward  prppa^tion  constant  nust  he  separately  treated 
vhen  tiie  accuracy  of  the  numerical  value  is  to  he  liqi>roTed. 

Beceiyer  side ;  Monunlfora^SojiSMia^ 

When  the  constants  A  and  B  are  evaluated  in  Eq.  (U.^1— 1)  at  i^e 
load  and  the  ratio  of  f(x)  to  u(x)  is  taken,  the  nipedance  z(x)  Is  e^resslhle 
as: 


^  -  % 


72(6) 


(J«P^  -  ZgAj^)e 

(U.42-1) 


The  load  Impedance  Is  general.  The  results  for  the  open  ended 
condition,  "•  w,  is  discussed  later. 


h.43.  MldwSectlon:  OidXorm.  Hadlsturhed 
Being  undisturbed,  the  Impedance  at  x  ■  L  6  is 


Z|  +  tan  ^o(L  -  86) 
S  ^  +  32^  tan  267 


(h.h!HL) 


where 


Zo  =  PdGo 


kikk*  Generator^lde ;  ifdflmlf dm . Boundary 

@ie  cdnstahts  A  and  B  are  evaluated  differently;  the  Idad  is  ndw 
at  X  =  L  —  5.  The  tdtal  Inpedanee  at  tiie  generatdr  Iddking  tdvard  the 


receiver  Z.  .  , 
tdtal 


is 


^tdtal 


7*2(1^  6)+  ^  ^ 

e  7i(L)-^2(1^)  ^ 

hi 

g  72(l«)“7i(i«*6) 

'z^  7*2(lr^)+JU)po  ■ 

.  riiU 

'ZJ  7l(I^)+Jwpd  ' 

e72(L)  -72(L  -  5)  (U.4M.) 

Summarizing  the  sectldned  impedances,  (Refer  td  figures  given  in  the  fdlldving 
page) 


Ai 


*  (Jojpp) 


7i(6)^  g  72(6) 


+ 


e  7i(6)^  ^  72(6) 


-  A, 


m  _ 


-  Z. 


P 


7i(6)e’'i^^^  ^2(6)e’"?(^^ 

ZJj  +  JZ^tan  Po(L  - 


+ 


(^^A>-l) 


■^total 


(4.Mip4a) 


when  the  three  sectional  tnipedances  are  cascaded.  The  open^nded  linpe» 
dance  is  obtained  vhen  ^ 


^total  " 


G  A+jZ^tan 


P  z„+jAtan 


^o(i*  Q  Z„-JCtaa 

i  L  ° 


(1^.4lHLb) 


G  -C+jZ^tan  ^gXl  -  26)  ^  P  Z^“jetan  pd(L  »  26) 

%0  “  •^W  pr  ---: - — - - -  ^  - -  (4, 

H  H>JZ  tan'Pdd*  -  28)  +  Q  Z -JCtan  ^od*  “  26) 

o  o 

^  J  o  L.  J 


®  "  ^2(L  -  5)e  -fx(L  ^  6)e  ^  ^ 

H  ^xil)  faCL  -  6)e  faCD  ^(L  -  6)e 


..  ^  ri(L)  ^  7i(L  -  6)_^  72(L)  -  7&U.^  6) 


P  =  e 


Q  ^  7i(L)e  ’'2(L  -  6)_^  rad.)  -  vsit  -  6) 


A  =  Jupo 


0  S  ^UlpQ 


:?2(0)  e’'^^°^+e^2(0)'  |'^7l(0)  _^72(0)  j 

%  __ .  _  : . . 

% 

g  7l(6)  ^  ^  72(6) 


^2(6)e  7i(5)e 


The  condition  for  iddch  Z^^  becoiaes  MudLiman  is 


-  Be 


HC^JwoQ  1 
QQ  +  J  Z  H  J 


E^tion  (4.U^)  is  an  eqvdyalent  of  (4.3^^)  vhose  graphical  solutions 


ve  given  ^  Accurate  numerical  values  of  the  roots  of  ^e  ahove  equation  will 
he  obtained  hy  aid  of  a  con^uter^  These  values  cerres|)ond  to  the  intercetptioos 
of  the  curves  discussed  onpa^  5^^. 

4^5*  SUBtery 

The  total  input  iiqpedance  vith  loadoend  Open  in  the  Ihree  different 
cases  is  repeated  helov* 


tan 


+  tan  Pi6  ■“  cot  $j_6 


^1 


Cot  Pi6  tan 


“  tan  tan 
ol 


z  ^  j  ptr  oy  Ar-tan  Ml  ^  26)-W(6)[l  Atan,go(L  ^  26)1 

%  •'  1  +  Atan  ML  -  26)  +  [A  «  Tha  ^Olt  -  ^;J 


\  G[U;+JZotan  Po(L  -  26)1+  HZ^-^^jCtan  ^o(L  - 

H[-OfjZ^tan  Po(L  ^  26)1+  4Ji^-JCtan  pdt*  - 

o 


+  2  . 
(4.24)  , 


(h.45-1) 


The  above  three  expressions  ^e  SiJBllar  in  form.  FOr  instance,  s)  the  term 
tan  (4.2-4f)  is  equivalent  to  the  term  tan  S  (6)  in  (4.54^1)  and  in  .. 
turn  to  in  (4.43-1);  b)  cotp^6  is  equivalent  to  A,  and  to  H/g,  etc. 

The  conditions  for  iddch  is  mayi.iMi  in  three  eases  are  8d.8o 
repeated  for  cooparison  and  discussions. 

2 


tan(l-k)e 


^  2  ^ 

^  tan  ^x6  ^  cot 

^ol  ^o 


1  + 


Shoplified  (4.2-3) 


(4.34-2) 


’s- 


tan(l-k)e 


tan(l-k)e  =  Re 


SO  «  AjP-M _ 

QC+J^H  J 


E^ct 


(4.45-5) 


fhe  interpretation  and  findings  of  each  eOnditiOn  have  already  been 


given;  bovever>  they  are  repeated  here. 

1)  Eq.  (4.2—5)  reveals  that  the  deviation  of  the  operating  frequency 

.  -  26 

from  the  normal  frequency  is  affected  more  strongly  by  the  ratio  of  than 

the  ratio  of  ^  as  is  shovn  by  (4v2i»^  and  4.2-^b). 

To 

2)  (4.34-2)  is  presented  in  a  graphical  form  to  facilitate  under¬ 


standing.  Solutions  are  the  interceptions,  ^ere  are  usually  two  frequencies 
in  the  vicinity  of  the  normal  frequency.  The  boundary  layer  thicimess  6  and 
the  speed  Of  sound  can  be  evaluated  from  these  two  frequencies  at  vhlch  the 
oulput  reaches  maximum. 

3)  (4.45^)  will  be  solved  by  computer  technique  m  order  to  obtain 
acceptable  accurate  numerical  values  of  6  and  c^.  Approximate  values  of  6 
and  Cg  are  already  knovn  from  (4.34-2). 


5.0.  COHCLUSIOR 

An  exact  expression  of  acoustic  impedance  across  the  transducer  in¬ 
cluding  the  nonunifoxm  bouodaiy  layer  effects  at  both  ends  has  been  presented. 
An  approxiiiate  theory  has  also  been  presented,  applicable  to  cases  in  idbich 
the  temperature  difference  between  the  transducer  plates  and  the  atmospheric 
ambient  is  small  and  the  bomadazy  layer  thickness  is  coagparatively  Ifurge  with 
respect  to  the  wavelength. 

The  conditions  for  the  maxlinuii!  input  impedance  has  bem  derived, 
and  solutions  for  the  maaclmum  input  impedance  based  on  the  approximated  ex- 


pfesslon  plotted  in  graphical  form  as  an  illustration.  It  is  planned  to  ea^lay 
eoipiter  technl(|ae  tdien  aectnrate  manericai  values  are  desired. 

fairly  consistent  agreeaent  hetween  the  preliminary  experinrotal 
aeasurements  and  the  analysis  substantiates  the  essential  eorrectness  of  the 
results,  and  denonstrates  the  feasibility  of  -^e  BeasureBent  of  aii&ient  teasp^ 
eratinre. 
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6!^iv 


1»0  -  INTHODUeTION 

An  alirijdme  aednstle  Interfefoiieter  (Sonothena)  for  porforllng  aeouistlc 
noastir^ents  In  the  upper  a'^ipbere  ie  deecrihedi  fhe  atiioipherlc  tenpera* 
ture  is  deteradned  through  local  q^eed  of  sound  neasureaents^  RelaMve 
aeasurtmnta  of  air  denaiiy  and  sound  absorption  can  be  accoaplished  by 
aaplltude  and  frequency  measuretients. 

Due  to  its  compactness,  the  proposed  acoustic  interferoaieter  is  suit* 
able  for  use  tuth  either  iisteorologleal  rockets  or  balloons.  Theoretical 
and  ei^erlaental  evidence  indicates  that  local  phase  velocl^  i»asureiaents 
irlth  an  ARCAS  meteorologleal  rodcet  are  possible  up  to  altitudes  of  65  kn 
(Sec.  5.7). 

1.1  -  general  Descriptioa 

The  proposed  acoustic  Interferoaeter  utilises  two,  clostly  spaced, 
broad  band,  plston«^type  transducers.  One  transducer  acts  as  a  transaltter 
of  SOtind,  while  the  other  acts  as  a  receiver  (microphone)  and  sound  reflector. 
lH.th  proper  transducer  face  dimensions  (cpreater  or  coqparable  to  a  wavelength) 
and  spacing,  an  acous^c  standing  wave  is  generated  In  the  air  space  between  ^  . 
the  receiver  and  transmitter.  Bowever,  unlike  typical  acoustic  Interferometezm, 
the  spacing  between  the  trusducers  Is  held  fixed,  while  tte  spund  frequent 
is  varied. 

The  receiver  sound  pressure  is  detected  as  a  func^on  of  frequency. 

Ideally,  at  the  antiresonant  frequency  where  the  receivez^transaitter  spacing 
corresponds  to  an  integral  nuidper  of  half  wavelengths,  the  receiver  sound 
pressure  is  maximum.  At  this  conditira,  the  antiresonant  frequency  f^  is 
related  to  the  phase  velocity  of  sound  e  (See.  4,6)  by 
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vhere  I  Is  the  fecelver-^tranSmlttef  Spacing,  Said  n  is  the  number  of  half 
vavelengths.  Since  liie  spacing  i  is  knoim  and  the  antiresonant  frequency  f 
can  be  meas^bd>  the  phase  velocity  of  sound  can  be  detezmined. 

A  frequency  bandi^dth  measurement^  about  the  antiresonant  frequency^ 
can  be  related  to  the  absozption  coefficient  of  sound,  and  the  magnitude 
of  the  receiver  sound  pressure  can  be  related  to  the  air  density. 


1,2  Basic  Relatlonshins 

^e  relationship  between  the  acoustic  interferometer  measurements  and 
the;  physical  parameters  of  i^e  atmosphere  are  suaniarised. 

1*21  —  Sneed  of  SouM  **  Virtaial  Temperature 

thider  the  assumption  that  the  atmosphere  behaves  like  an  ideal  gas 
(Sec.  X>-2)  and  that  the  propagation  of  sotsid  is  iyi  adiabatic  process  in 
certain  frequency  and  atmoipherlc  pressure  r«iges>  the  kinetic  air  teipera*>* 
ture  f  can  be  eiqtressed  (Sec.  k.2)  by 


idiere  B  is  the  gas  constant  per  mole,  M  is  the  molecular  mass  of  air,  and  7  is 
the  ratio  of  specific  heat  at  constant  pressure  to  that  at  constant  volume. 
The  virtual  temperature  'f  is  determined  by  the  defining  rmLatlon 


where  is  the  standard  molecular  weight  of  dry  air.  Since  7  varies  slowly 
with  changes  in  tesperature  and  composition  (Sac.  a  maasurement  of  ^e 


speed  of  sound  yields  the  virttsLl:. 


1.22  Sound  Absorption 

The  acoustic  energy  losses  of  the  interferometer  can  be  deterndned  by  a 
measurement  of  the  Q  of  the  acouitic.  standing  vave  (Sec.  as  defined  "by 


SAf 

tifae£‘e  Tq  is  th0  antliNiSonitnt  frequency  corresponding  to  the  ne^iiuB  receiver 
sound  pressure,  end  sa  f  is  the  frequency  hendwidth^  shout  f^,  vhere  the 
sound  pressure  is  reduced  hy  e  fector  of  1  /  . 

^en  the  scoustiG  energy  losses  due  to  trtmsducer  geonetxy,  vind> 
end  non^rigidity  of  thn  trensdueer  feces  ere  ssell  cosq^red  to  sound 
ehsorption  losses,  the  q  of  the  stending  veve  cen  he  releted  to  the  sound 
ehSOTptlon  coefficient  a  hy  (Sec.  1^10) 


Q 


OJ, 

_o_ 


tihere  u  is  the  engiiler  entiresonent  frequent,  end  c  is  the  speed  of 

sound.  Consequently I  the  ehsoxption  coefficient  cen  he  determined  hy  e 
■eesutrenent  of  the  Q  of  the  ecoustic  stending  veve,  the  frequency  oorres^ 
ponding  to  e  mexiauDi  receiver  sound  pressure^  end  the  speed  of  sound.  At 
lov  etiospheric  pressures  end  for  high  frequencies^  the  ehsorption  coef* 
ficient  cen  he  releted  to  the  elr  viscosity  (Sec.  1.3)* 


1*23  —  Air  Density 

The  nexliiue  receiver  sound  pressure  is  proportiooel  to  the  product  of 
the  eir  density,  the  ^ed  of  sound,  end  Q  of  the  ecoustic  striding  veve 
(Sec.  3<41)*  Consequently,  the  varietion  of  air  density  or  etnospheric 
pressure  with  respect  to  eltitude  cen  he  deteniined  hy  e  Imovledge  of  the 
verietlon  of  the  speed  of  sound  end  the  Q  of  the  standing  veve. 


1,3  «  Sensitivity 

From  Eq,  (l^l),  the  cheoge  Af  in  the  entiresonent  frequency,  corres«> 
ponding  to  in  incresmntel  change  in  the  speed  of  sovuid  c^^  is  given  hy 
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chtoge  Ac  in  the  speed  of  sound  results  froii  change  AT  in  the  sir  tenpers^ 


ture.  Fron  equations  (la^)  and  (l#3),  the  change  Af  in  the  antlresonant  fre» 


quency  Is 


Af 


AT 

% 


(1^) 


tdiere  Tq  Is  the  air  tcnperature  oorresponding  to  the  speed  of  sound  c^.  Fron 

tiie  above  egression,  it  can  be  seen  that  a  snail  deviation  in  air  tes^rature 

results  in  a  large  deviation  of  frequency  if  high  frequencies  are  used*  For 

exanplei  using  laical  values  fron  an- esperlnental  nodal  (Sec.  11*7) » 

-  25hC> 

T  «  300"k. 

o 

llie  resulting  change  In  antlresonwat  frequency  lAen  the  tenperature  varies  by 
1*  Is 

Af  ■  38  cps. 

l2.ectronlcally.  It  is  possible  to  detect  antlresonant  frequency  to  vlthln 
2  cps  (Sec.  XI-8).  Consequently >  it  is  possible  to  detect  temperature  variations 
of  less  than  0.1” C. 


l.b  *  Advantages 

For  upper  stnospherlc  neasurenents^  the  proposed  acoustic  interferoneter 
has  the  foUoi^ng  advantages  over  other  techniques: 

1.  Stoce  the  basic  neasurement  Is  frequency,  a  very  sensitive  sp*^  oT 
sound  neasuring  system  is  possible.  In  laboratory  neasurcnentSf  variations 
In  the  Speed  of  sound  within  one  part  In  10,000  were  easily  detectable.  This 


2.  Acdustic  staadlng  trayes  graerated  betvecm  the  fixed>  cldsely  spaced 

4 

tz^sducers  produce  such  intenajS  levels  that  the  signal-topiaoise  ratio  is 
greatly  laproved  at  high  altitudes « 

3.  close  spaclhg  and  relaldveiy  large  transducer  surfaces  mlnlsdzes 
trind  effects. 

Close  recelvertBtransisltt^.^spaeing^cani^'bei  utilized  UdihoUtJ  loss  Sf 
accuracy  If  heating  and  cooling  effects  of  the  transducer  faces  are  ti^«a 
Into  account  (sea  3f^)> 

3.  Fixed,  closely  spaced  transducers  nake  a  coiipact  flight  package 
suitable  for  rocketsonde  applications. 

6.  Qie  aethod  of  obtaining  the  infoniatlon  results  in  a  Alght  tmlt 
vlth  light,  non^ntleal  Instruiaentatlon. 

7.  Air  densily,  sound  absorption,  and  other  acoustic  sneasuresients  are 
also  possible. 

2,  GENERAL  SYSflM  BESCRIFTION 

For  balloon  or  rocketsonde  operations,  the  Sonotberm  system  will  consist 
of:  a)  the  airborne  unit  housing  the  acoustic  interferometer  and  an  RF 
Transmitter;  b)  the  ground  station  for  receiving  the  telemetered  sigoal; 
c)  a  detection  system  for  demodulating  the  acoustic  interferometer  output 
(Sec.  II^). 

2.1  Airborne  Itolt 

Figure  2.1  Shown  a  bioc&  dlaepmm  of  the  essential  dements  of  the  sirbome 
unit.  It  consists  of  a  varlmble  frequency  oscillator,  the  sound  transmitter 
smpllfler,  two  soimd  transducers  i^lch  act  as  the  receiver  and  tnyasmltter  of 
SQuod,  the  receiver  amplifier,  an  mutomaUc  gain  control,  and  the  RF  transndtter 


Figure  2^ 

(see  See^  for  fiore  deteile)^ 

trensdueer  fecee  are  ^sltioned  paraliel  and  at  a  fixed  distance  froa 
eacji  other.  In  order  to  idnlaiize  effects  (SeC.  the  transducers 

are  iiounted  in  an  air  channel  (Fig.  2^2)  with  their  faces  flush  to  the  channel 
surface  and  theziially  Insulated. 


^gar«t  2-3 

Ideally,  aaxliaum  output  oceuri  at  the  f^quency  vhen  the  [qpaclng  hetveen 
the  tranaducera  correaponda  to  an  integral  huaber  h  of  half  aavelengtha  at 
a  pitftieiiiar  apeed  of  aound  c^.  (Eq  1-1). 

Aa  the  frequency  or  the  apeed  of  aound  variea,  the  tranaducer  apaclng 
will  not  eorreapond  to  a  araltipie  l^f  vavclength;  and  if  the  acsouatlcal  Q 
ia  high,  the  receiver  output  is  reduced  aharply. 

Pue  to  the  aetiiod  of  detection  (Sec.  II-8)  the  rate  at  ahich  the  oacillatOfy 

frequency  changea  doea  hot  neceaaarily  have  to  he  a  linear  function  with  reapect 

■  *  ? 

to  tine.  In  order  to  elhidnate  loaa  of  aaplitude  mid  ringing  effecta,  the  rate 
of  change,  of  the  frequen<^  ia  kept  alov  enoue^  to  allov  aufficient  tine  for 
the  acouatic  atanding  vave  vi^  the  hlgheat  Q  to  reach  ita  naxiBnM  an^litude. 

In  practice  aa  the  apeed  of  aomd  yariea^  the  apadLng  hetveen  the  trana¬ 
ducer  facea  ia  aet  to  oorrei^nd  to  an  integral  nua^er  of  half  vavelengtha  ao  that 
the  frequenciea  are  vithin  the  handvidth  of  the  tnuiaducera  (aec.  ^.6). 


2,2  Eji^ctigin 

frefuency*Huqplitiale  nddulftt^  slgoiil  from  the  j^ceive^ti^fdueer  is 
telemetered  by  conventional  meane  (such  as  the  ItewLn  Set  All/CSM^l)  from  the 
airborne  unit  to  a  ground  station. 

fbe  virtual  air  taperature  is  then  deteriiined  by  measuring  -the  frequency 
f^  corresponding  to  the  mxLniai  aaplitude  of  the  received  si^al.  Since  the 
^pacing  between  the  transducers  is  Motm,  the  phase  velocily  of  sound  and  the 
virtual  tei^rature  csm  be  calculated  once  the  frequency  f^  is  maasuredi 

ihere  are  various  electronic  techniques  that  csin  be  used  to  measure  accu^ 
rateiy  the  frequency  f^  at  which  the  maximum  oul^t  of  the  recelver»transducer 
occurs  (Sec» 

3.  Acoustic  msURlMENtS  IS  tEl  t^ER  A!IMOSPllR£ 

Various  factors  have  to  be  considered  when  perfoiming  accurate  measure^ 
ments  on  moving  platforms  in  the  upper  atmosphere,  the  factors  include: 

a.  Wind  effects. 

b.  Dispersion  of  sovmd. 

c.  Sound  pressure  reduction. 

d.  thermal  effects. 

A  study  Of  the  above  effects  on  the  proposed  acoustic  interferometer 
indicates  that  they  can  b  e  mLnimlsed  under  certain  conditions,  or  the  magni^ 
tude  of  the  effects  csn  be  asasured  in  ^e  process  of  varying  the  frequen^. 


5.1  Wind  Effects 

the  rate  of  flow  of  air  or  wind  with  respect  to  the  acoustic  Interfer* 
ometer  is  determinod  primarily  by  its  rate  of  ascent  or  descent  through  the 
atmosphere.  Wind,  of  course,  affects  the  speed  of  sound  measurement,  removes 


icoustic  tstietgy,  results  In  serod^usiKLc  effects  which  csn  lead  to  turbulence 
and  noise,  and  strongly  dictates  the  extent  of  l^e  thernsl  effects  on  the 
q^ration  of  the  acoustic  interferoneter. 

Bill  Effect  on  Ibase  Veloci:^ 

In  the  case  of  the  acouS'^c  interferometer,  wind  effects  on  the  measinrei^ 
nent  of  the  phase  velocity  of  sound  are  minimized.  This  is  based  on  the  fact 
that  for  the  case  of  a  soimd  plime  wave,  vied  flowing  parallel  to  the  wave 
fronts  has  no  effect  on  the  phase  velocity*  With  proper  construction  and 
orientation  of  the  transducer  faces  with  respect  to  the  direction  of  motion 
(Fig.  2^),  the  wind  present  between  the  transducer  faces  will  be  the  com|K^ 
nent  parallel  to  their  faces.  Since  plane  waves  exist  between  the  transducer 
faces,  the  phase  velocity  measursSMnt  will  not  be  affected^ 

3*  12  Aerodyw*»^^  ^^*cta 

As  the  transducers  move  through  the  air,  viscosi^  causes  a  layer  of 
stagnant  air  to  form  on  the  vibrating  surfaces  of  the  transducers.  Ibis  layer 
forms  at  the  leading  edge  of  the  air  intake  (Fig.  3^l)  and  increases  as  a 


function  of  the  distance  x*  Within  this  houndaxy  layer,  the  velocily  of  the 
vlnd  varies  from  zero  at  the  surfaces  to  the  undisturbed  stream  velocity. 
Assuming  a  fjiat  plate,  the  boundary  layer  thie]mess>  6>  is  approximately^ 
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. 


(3^1) 


R.  is  Idle  Reynolds  nuuiber, 
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tdiere  is  the  air  density,  ^  is  the  coefficient  of  viscosily,  and  v  is  idie 
stream  velocily  of  the  vind^  Consequently,  the  thichness  of  Idie  layer  is  an 
inverse  function  of  the  air  density  and  the  wind  speed. 

The  stagnant  layer  results  in  two  effects: 

1.  If  a  tesperature  difference  exists  between  the  tnmsducer  faces  and  the 
air,  the  stagnant  air  layer  tends  to  be  heated  or  cooled  by  the  transducer 
faces.  Uhls  effect  is  discussed  in  Sec.  3.U. 

2.  IMder  certain  conditions,  wind  turbiiLance  can  result  which  in  turn 
can  lead  to  acoustic  noise* 

3*13  Acoustic  Holse 

If  the  flow  of  air  between  the  transducer  faces  is  lasdnar,  the  noise 
detected  by  the  receiver  will  be  mainly  due  to  the  thermal  agitation  of  the  air 
molecules*^  Ihis  noise  is  exteemely  nail  (.0002  dyne/ca^,  2^c  bandwidth* sea 
level  a'Wiospheric  conditions)  and  decreases  with  densi'^  and  temperature. 

However,  if  a  critics^  Reynolds  number  of  appro^dLaately  300,000  is  exceeded 
(assuming  a  flat  plate),  the  wind  flow  becoems  turbulent,  and  the  noise  increases 
as  a  function  of  vaiocl'y  (Sec*  HI^IO).  Consequently,  the  R^nolds  nimiber 
(Eq.  3~l)  must  be  kept  below  its  critical  value  in  order  to  maintain  a  bdgh  signal** 
tOHooise  ratio. 


A  Reynolds  number  below  the  critical  value  can  be  accon^lished  quite 
easily  in  practice  by  locating  tiie  transducers  near  the  air  intake  (Fig^  3^1) 
and  controlling  the  wind  velocity ^  Since  the  Reynolds  number  decreases  with 
d^sity  and  the  coefficient  of  viscosity  varies  rather  slowly  with  density  and 
temperature,  the  wind  velocity  can  be  increased  as  a  function  of  altitude 
while  maintaining  laminar  flow.  As  a  result,  initial  hi^  velocities  of 
descent,  as  those  encountered  with  meteorological  rocketsondes>  are  possible 
with  proper  areodynamic  design  of  the  acoustic  package^ 


5*1*^  “  sound  Eaerar  Losses 

Since  the  area  of  the  transducer  is  finite,  the  air  flow  relative  to  the 
transducer  faces  removes  some  of  the  acoustic  energy.  The  effect  is  the  same 
as  if  the  receiver  face  rigidly  was  reduced  so  that  part  of  the  acoustic 
energy  is  absorbed  in  moving  the  face  instead  of  being  reflected.  As  a 
result,  the  magtiltude  of  the  receiver  sound  pressure  and  the  Q  of  ^e  acoustic 
standing  wave  are  reduced.  This  in  turn  reduces  the  accuracy  of  detexmining 
the  frequency  corresponding  to  a  maximum  reciever  ou'^ut  (SeC.  5*7)  • 

However,  id.th  proper  dimensions  of  the  acoustic  interferometer,  wind 
velocities  of  the  order  of  300  ft/sec  can  be  tolerated.  This  can  be  shown  by 
expressing  the  acoustic  energy  loss  due  to  wind  in  terms  of  a  quality  factor 
V  the  ratio  of  the  acoustic  ener^  stored  between  the  transducer  faces  to 
the  acoustic  energy  lost  per  waveLength  (Sec.  ^.91).  Assunlng  transducers  of 
rectangular  diiiensions,  the  quality  factor  is  ^ven  by  Iq.  km69: 


where  L  is  tbs  width  of  ^  tnmsducers  in  the  direction  of  the  wind,  i  is  the 
transmitter  spacing,  v  is  the  idtnd  velocity,  and  n  is  ^e  number  of  half 


vivelengths  between  Kceiver  and  tzansBlttez*.  Epical  dlaenaloni  can  be  a 
width  to  recelver^tnuaiiiitter  ieparati^  ratio  of  and  a  receiver^traniBitter 
e^aration  corresponding  to  3/2  wavelengths  (Sec.  111-4) •  For  a  wind  veloci^ 
of  200  feet  per  sec>  the  quality  factor  woxild  be  approidjiately  270 «  With  ti>e 
above  dlnensions>  if  overall  acoustic  Q  at  zero  wind  velociiy  would  be  tn  the 
order  of  120,  the  resulting  Q  with  a  wind  velocity  of  200  feet  per  sec  would 
be  in  the  order  of  80.  Hence,  the  Change  in  the  acoustical  Q  in  increasing 
the  wind  velocity  fron  0  to  200  feet  per  sec  would  asiount  to  33  percents 

3*2  SoundL Aspersion 

It  is  necessaiy  to  consider  the  dispersion  effects  (See  Sec^  1-2  and  h.3) 
of  sound  when  accurate  deteniination  of  the  air  tesqpera^urej.is:  desired.  Tin 
jVMMMil,  dispersion  Of  sound  at  hlgii  altitudes  is  eaihly  due  to  viscous 
energy  losses  idiich  are  proportional  to  the  sound  frequency  and  inversely 
proportional  to  the  ataocphenc  pressure.  As  a  result,  the  phase  velocity  of 
sound  is  not  siiqily  related  to  the  undisturbed  speid  of  sound  as  given  by 

Bq.  (1-2), 

The  taqperature  correction,  in  calculating  the  virtual  air  tcoperature 
froB  the  sisple  speed  of  sound  expression  (Eq.  l->2),  can  be  l^t  saall  if 
soimd  frequencies  below  30,000  cps  are  vised.  tiMidie  6-2  of  Sec.  1-2  shows 
the  teaqperature  corrections  and  the  error  in  calculating  the  correction  as 
deteziiined  by  a  Imowledge  of  the  paraaeters  upon  which  sound  dispersion  di^ends. 
Without  any  corrections,  the  air  tesperature  can  be  deterslned  frois  a  phase 
velocity  Beasureaent  within  l^'at  mtltuies  up  to  30  la  if  sound  frequencies 
below  20,000  cpu  are  used,  and  within  2*  up  to  6o  ka  at  frequM^cies  below 


Hdvevef,  since  sound  dli^wsion  is  also  associated  td.th  acoustical  enef^ 
losses,  the  tcapejrature  corrections  ciui  also  be  determined  by  a  oeasurement  of 
the  Q  of  the  standing  vave. 

5»5  Mund  jressure  Reduction 

^e  sound  pressure  generated  by  piston»type  trinsducers  is  proportional 
to  the  air  density.  As  a  resiilt,  the  ou^mt  sound  pressure  reduces  vlth 
altitude  if  the  operating  conditions  of  the  transducer  are  held  constant. 
FurtheriiDre,  the  sound  intensity  is  inversely  proportional  to  the  square  of 
the  distance  frosi  the  transducer  in  the  far  field. 

In  the  case  of  the  acoustic  Interferometer,  due  to  'Uie  loading  effect  on 
^e  transducer  by  l^e  standing  save,  the  oul^t  sound  pressure  is  increased  by 
a  factor  corresponding  to  the  Q  of  the  acoustic  standing  Mve  (Sec.  5,5)* 
Furthexmore,  since  the  receiver  tnuasducer  is  located  in  the  near  field>  an 
intense  sound  pressure  can  be  goaerated  with  minimum  power  requirements.  AS 
a  result,  a  hie^  signal-toHsolse  ratio  is  maintained  at  high  altitudes* 

3*^  IfeermiJL  Effects 

Thenial  effects  on  the  acoustic  interferometer  can  be  classified  under: 
a.  fbermal  bouidaxy  layer  effects, 
b*  Heat  radiation, 
c,  Thermid  e^qpansion. 

3«^1  Thermal  BoundiSfey  layer  Effects 

As  mentioned  in  Sec.  5*^/  the  motion  of  ^e  acoustic  interferaamter  through 
the  atnoiphere  causes  a  stagnant  layer  of  air  to  form  adjacent  to  the  transducer 

faces. 


It  a  tenverature  dlffere&ee  exlata  betvaen  the  aif  and  the  transducer 
faees>  It  Is  found  (See.  I^)  that  a  theraal  houndaxy  layer  forms  which  is 
about  the  same  i^icMess  and  Cunctional  depoidence  as  i^e  velociiy  boundafy 
layer.  fherefore>  a  decrease  in  densily  or  in  wind  velocity  increases  the 
thermal  boundary  layers  The  air  vilhin  the  thermal  boundary  layer  is  cooled 
or  heated  by  the  transducer  faces,  and  the  teaperature  within  the  layer  varies 

f  ' 

from  the  face  teiiperature  to  the  undisturbed  air  bmnperature. 

The  thermal  boundary  layer  has  ttio  effects  on  the  operation  of  the  acoustic 
interferometer : 

1.  Since  the  air  in  the  thermal  boundary  layer  is  not  at  the  same  teaqpera^ 
ture  as  that  of  the  undisturbed  region,  the  tpparent  phase  v^ocity  of  sound  as 
measured  by  the  acoustic  interferometer  will  be  different  from  that  of  the  uxw 
disturbed  air  medium.  However,  as  long  as  the  thermal  boundary  layers  do  not 
Intersect  within  the  transducer  faces,  it  is  possible  to  determine  not  only 
the  speed  of  sounl  in  the  undisturbed  region,  but  also  the  magnitude  of  the 
^rmal  boundary  layer  (Sec.  i~5)«  In  this  case,  it  is  necessary  to  measiure 
the  frequencies  corresponding  to  two  successive  pressure  maxlmajms  on  the 
receiver  face  and  the  transducer  face  teaq^rature. 

When  the  receiver^ran«ittter3eppaaAii^in?'.lellsagiecciiBmMfedi  totjhetttianai 
boundary  layer,  and  the  difference  between  the  face  and  air  temperature  is 
smiai  conpared  to  the  absolute  teaperature,  the  appumnt  error  AT^  of  the 
tsmpirature  measurement  is  ippxpxlnateiy  (Sec.  !•«$) 

ATj  -  I  at  ,  (3-5) 

where  6  «  thermal  boimdary  layer  thichness 


AT  m  t^efature  difference  betveen  the  air  and  tranaducer  aurfacea. 

Cdnaequently,  the  error  can  be  adniiaized  by  naintaining  a  large  receiver- 
tranaiiltter  spacing  coapared  to  the  thernal  boundary  layer>  and  by  maintaining 
a  aaall  tenperature  difference  betveen  the  air  and  the  tnmaducer  aurfacea.  in 
general,  thla  teaperature  difference  can  be  mlnlsdzed  by  thermal  inaulatlon  of 
the  transducer  faces  from  the  rest  of  the  device,  increasing  the  ratio  of  the 
surface  area  to  the  tebpe  of  the  tranaducer  faces,  and  by  controlling  the  thldcHf 
ness  of  the  thermal  boundary  layer. 

The  error  can  also  be  calculated  from  a  knovledge  of  the  tranaducer  face 
teiperature,  the  rate  of  ascent  or  descent  of  the  acoustic  thermometer  through 
the  atmosphere,  the  air  density,  and  the  coefficient  of  viscosl^^. 

2.  The  second  effect  relates  to  the  fact  that,  for  a  constant  air  velocity, 
the  velocity, iind  thermal  boundaiy  layer  thicknesses  vary  with  distance  from  the 
air  Intake  (Fig.  5^1).  As  a  result,  since  the  isotherms  vlthln  the  boundary 
layer  vlU  not  be  parallel  to  the  surface  of  the  transducer,  the  sound  waves 
passing  throu^  the  thermal  boimdary  layer  will  be  refracted.  The  refraction 
of  the  sound  wave  vlU  In  general  lead  to  a  lowering  of  tl»  effective  Q  of  the 
standing  wave  and  can  affect  the  measurement  of  the  phase  velocity* 

The  above  effect,  however,  can  be  eliminated  by  maintaining  a  uniform 
thermit  boundary  layer  over  the  transducer  surfaces.  This  can  be  accomplished 
by  Increasing  the  air  veloclV  respect  to  the  dlstvice  x  from  the  air 
Intake  (Fig.  >4)  so  that  a  constant  Reynolds  number  Is  maintained  (Sq.  >«4). 

For  wind  velocities  less  than  300  feet  per  sec,  the  air  acts  like  an  in  coms* 
presslble  fluld^.  Consequently,  the  wind  velocltF  oan  be  increased  by  reducing 
the  cross  sectional  area  of  the  channel  (Fig.  with  respect  to  the  distance 
from  the  sir  intake. 


SouBd  Sfi^duc^s 


Wind 


B|]f  locating  the  tianeducera  as  far  aa  j^aslhle  froa  l^e  air  intake  imd  by 
reducing  their  dlaenaion  along  the  direction  of  the  vind,  the  change  in  the 
air  vaioci^  can  be  kept  aaall.  in  thia  aanner,  heating  effecta  due  to  coiir 
presaion,  idiich  are  a  function  of  the  difference  in  Ibe  aquarea  of  the  initial 
and  final  yeloclly,  vlll  be  alnlalzed  even  vlth  high  aubionlc  irlnd  velocitiea 
encountered  by  InatruMntatlcm  packagea  ejected  froa  aeteorologleal  roeketa  at 
high  altitudea. 

3*^  Heat  RadlatiQn 

^though  heat  radiation  baa  a  negligible  direct  effect  on  acouatic 
aeaaureaenta  (Sec.  it  doea  tend  to  heat  the  tranaducer  facea*  Aa  a 

reavlt,  the  teaperature  difference  between  the  air  wad  the  traniducer  facea 
tenda  to  increaae.  However,  froii  ^eoretlcal  cgLeulatidina  on  the  teaperature 
difference  ejected  between  the  air  and  tranaducer  facea  (Sec.  the 

effect  due  to  heat  radiation  in  the  ataoephere  ie  lAight. 

^•^3  ^laal  gcpaneion 

Aa  the  air  taaperature  variea,  the  apacing  beteaen  the  tranadueera  tenda 
to  chan^  due  to  the  thenlal  eapanaion  or  contraction  of  the  eapoaed  aouating 


holding  the  trenhducerBi  from  Eq^  (1—1)  the  ajpeed  of  sound  error,  Ac, 
resulting  froii  s  ehsnge  In  sqperetlon,  Ai  >  is 


A_c  Ai 


vhere  e  and  GOrrespond  to  the  actual  Speed  of  somd  and  the  receiver- 
traBaaitter  separation,  respectively. 

AssuilBg  that  the  iountlng  holding  the  transducers  detexisines  the 
separation  i ,  It  can  he  e^ressed  approxlaately  Toy 


£  a  (1  +  0£T),  (5-7) 

vhere  a  is  the  coefficient  of  linear  -Uiereal  expansion,  is  the  initial 
separation  at  0°C  and  f  is  the  taiperature  in  "C. 

Fion  equations  3-6  and  5—7  the  error  in  the  speed  of  sound  as  a 
function  of  the  separation  due  to  themal  (ttpamaiou  IS 


4£ 

c 


(5-8) 


vhere  Is  the  difference  between  the  Initial  and  final  tenperatures 

of  the  nountlng  In  In  the  extreae  case,  if  a  iieasurenent  of  the  speed 
of  sound  Is  to  he  nade  within  one  part  In  ten  thousand  (corresponding  to 
an  error  In  the  temperature  ■easureaent  of  less  than  0.1*C  X>  ’  ' 

the  difference  between  the  initiad.  and  final  teaperatore  of  the  bracket 
corresponds  to  IQO’C,  the  linear  coefficient  Of  themal  coefficient  of  the 
bracket  wovdd  have  to  be  less  than 

a  S  icr^  ,  (>9) 

Invar  (nlckle  steel,  56  percent),  with  a  coefficient  of  linear  theraid 
eiqpanslQn  of  0.9  x  ICT^  easily  aeets  this  requireBant.  Of  course,  aechanlcal 


techniques,  such  as  pivot  points,  can  reduce  the  effective  sq>aration  due  to 
thertnai  expansion  considerahly. 

k.  ACOUSTICAL  R^TIQN^IFS 

!Bie  various  acoustical  relatLOnshlps  of  the  air  medium  hetveen  the  soxind 
transducers  of  the  acoustic  interferometer  are  derived.  It  is  assumed  that 
the  transducer  faces  are  parallel  and  vibrate  vith  a  uniform  velocli^,  and 
that  a  plane  sound  is  generated  by  the  transmitter  and  reflected  the 
receiver.  !^e  idad  flov  is  assumed  parallel  to  the  transducer  faces  and  its 
only  effect  is  assumed  to  be  removal  of  acoustic  energy  (Sec.  3«ll). 

Viscosl'^  effects  are  only  included  since  they  are  the  major  effect  at 
high  altitudes.  Bovever,  the  results  are  general  so  that  secondary  effects. 
Such  as  Ihermal  conductivity,  molecvOnr  absorption,  and  heat  radiation  can 
also  be  included. 


V.l  Acoustic  iquationa 

Assuming  that  the  air  medium  between  the  receiver  and  transducer  is  a 
non!>-tuzbulent  boiipgeneous,  isotropic,  adiabatic  viscous  fluid,  the  small 
signal  acoustic  equatioas  are- 

if"  1  •  0 


8u 

tm 

-o  9t 


■  0 


idiere 


p*  ■  instantaneous  change  in  density 
*  static  air  dsnSli^ 
u  >■  instantaneous  particle  veloci^ 
T]  m  coefficient  of  viscosity 


K  s  Isentroplc  bulJl  iidduius  of  elastlelty 

B 

t  s  time. 

The  first  equation  arises  from  the  equation  Of  continui1y>  and  the 
second  corresponds  to  Newton's  Second  Law. 

From  l^e  definition  of  IndJt  modulus,  the  sound  pressure  p  is  related  to 
the  change  in  densi-t^  p '  by 

^s 

p  a  ^  p'  , 


Suhstituting  the  above  e3q>re88lon  for  p ' ,  and  aasuming  sound  propagation 
along  the  x^axis,  equations  14->1  jreduce.  to 


^  o  U  a^u(x,t) 

''  “Tt  3  ^ 


Kg  ^t 


4.2  Ideal  Air  MediUM 

For  the  ideal  case  where  viscosity  effects  are 
reduce  to 


_  8P(x,t) 

Bx"' 


duU^ 
Po  at 


1 


W 


Differentiating  the  first  of  Eqs.  4«3  and  substituting  the  sec^od  for 


du 


,  the  wave  equation  in  tenas  of  sound  pressure  is 

a^x.t)  ^  ^  a^x.t) 
c^  a^ 


(4Jf) 


Asstnd^  aa  adlalMttie  proeeii  and  l^t  the  air  laedliaB  ia  an  ideal  gas, 


ehere  p^ 

y 


% 


>Po 

% 

T  \  Ry 


static  ateo^heric  pressure 

ratio  of  speeific  heat  at  constant  pressure  to  that  at 


constant  voitiae 


M  a  molar  aass  of  air 


R  a  gas  constant  per  iiole 
f  a  ahao^heric  tcoperature  in  degrees  Kelvin. 
ftcKt  ^e  ahove  ejg^ssions,  the  speed  of  sound  reduces  to 


(Wf) 


Assuming  that  the  sound  pressure  varies  sinusoidally  at  the  angular 
frequency  it  can  he  e:q>ressed  hy  the  real  part  of 

.  A(x)e'>“‘  .  (W) 

the  general  solution  of  the  wave  equation^  eq.  14—4,  is 

p^x,x)  .  ♦  a)  ^  -  ta)  (M) 


where  h«  the  phase  constant,  is 

k  •  *  .  (4-10) 

c 

!Ihe  solution  for  the  particle  velocity,  chtalned  by  substituting  Eq. 
(4-9)  for  p  in  the  first  of  eqs.  (4-^)>  is 


vhere  s  the  s^eelfie  acoustle  InlpeiiMce  of  the  air  nedluB. 

Fzom  eqs.  and  ^11,  It  follovs  that  the  instantaneous  sound  pressure 
at  any  point  x  is  the  sum  of  two  plane  sinusoidal  waves  traveling  in  opposite 
directions.  The  constants  A  and  B  are  determined  by  the  boundary  conditions^ 
i.e.,  the  value  of  the  sound. pressure  and  particle  velocity  at  the  transducer 
faces. 


4.5  Viscous  Air  Medium 

when  viscous  effects  are  not  negligible,  sound  ener^  losses  will  result> 
and  conse^ently,  i^e  traveling  plscie  waves  are  attenuated  as  they  travel, 
for  sinusoidal  sound  pressure  variatians,  the  general  solutions  of  4^  for 
nm^l  losses  will  be  of  the  fbxm 


(»»^12) 


irtiere  a  is  the  attenuation  constant  or  the  sound  absorption  coefficient.  Due 


to  the  dissipative  losses,  the  phase  constant  k  will  be  different  from  the  non^ 
dissipative  case;  and  as  a  result;  sound  dispersion  occurs. 

The  attenuation  and  phase  constants  can  be  deteimined  by  substituting 
Eqs.  km-22  in  EqS.  4^.  On  perfozmlng  the  Shove  operation;  the  foUowing 
result  is  obtalnedj 


■< 


a  +  jx 


i^re  y  mQ  ■*>  Jk;  the  propaga-Uon  constant;  and 


fa) 


4 

5  "’go 


X  s 


(JMLSs) 


Assuiing  siall  id88es>  the  aij^roxUnte  8dlutioii8  for  the  attenuation  and 

* 

phaae  eonstanta  lure 


The  phaae  velooil^  0>  fran  the  flrat  of  Eqa.  ^14  ia  approzUaately 


(M.5) 


In  teris  of  the  abaoxptlon  ooeffleient>  E4.  Ml5  ean  be  aa  eapreaaed  ^ 


From  l^e  abo^te  ei^reaaiona,  it  can  be  aeen  that  the  apeed  of  aound 

It 

iBcrdaaea  due  to  viacoaity,  and  tile  attenuation  conatant  ia  proportional  to 
the  ratio  of  the  aound  frequency  to  the  air  denaily  or  atmoqpheric  preaaure. 

Hhe  particle  velocity;  u(x;t)>.  obtained  by  aubatituting  the  flrat  of 
Eqa.  4*42  for  p(x;,t)  in  the  flrat  of  Eqa.  la 


u(x,t) 


-4.  -(a  +  5k)x  .  _B  jMt  -*<0  +  jk)x 

*0  *7;*  *  (WIT) 


lAere  the  apeeifie  aeouatic  Lapedanee  of  the  medium  la  given  by 


Subatlttttlag  Eq.  ^13  tor  7  t  reducea  to 


(l-j| 


*  See  F.  ient^  for  a  more  detailed  deaeriptlon. 

6^ 


consequently,  l^e  sound  pressure  and  particle  velocity  of  the  traveling 
wave  are  not  in  time  phases 

!&e  above  results  are  genezal  since  if  secondary  effects  are  included, 
such  as  i^ermal  conductivity,  molecular  absorption  and  heat  radiation,  only 
the  egressions  regarding  the  propagation  constant  and  ^clflc  acoustic 
impedance  have  to  be  modified^ 

Acoustic  Transadssion_Line 

As  shoim  in  section  4.2  and  4.3,  the  sound  field  between  the  transmitter 
and  rrecelver  of  the  acoustic  interf erosieter  can  be  Ideally  described  by  two 
plane  sound  waves  traveling  in  opposite  directions.  These  two  plane  waves  can 
be  asstmied  to  be  the  transmitted  amdlrs^^tad  souad  waves. 

In  general,  the  instantiuaeottS  sound  pressure  and  particle  velocity,  for 
the  case  vintn  the  air  medima  is  uniform,  are  given  by  the  first  of  ^s.  4^12 
and  Eq.  4*>17: 

*o  ^O 

where  z  is  the  distance  measured  from  ^e  tranndtter  face  (Fig.  4*4),  r 
is  '^e  propagation  constant,  and  is  the  specific  acoustic  impedance  of  the 
air  medium.  Eqs.  4-19  are  analogous  equations  for  l^e  voltage  and  current  of 
air  electriccd  transmission  line  with  distributive  panuieters.  Therefore,  we 
can  treat  the  air  space  between  the  receiver  and  tranmaittaras  an  acoustic 
transidssion  line. 

The  constants  A  and  ^  are  detezmined  by  the  boundary  conditions  of  the 
particle  v^ocity  and  soupd.  pressure  on  the  receiver  face.  However,  since 


Ttwi^tter 

Ti^sduedf 


Receiver 

Transducer 


Figure  li»4 

the  sound  field  is  ideally  restricted  within  ^e  voluie  defined  hy  ‘^e  trans» 
ducer  faces  and  their  sejpnatlan,  it  is  necessary  to  work  with  voluiie  veloci'(y> 
and  acoustic  inpedance^.  The  volune  velocity,  u(x,t),  and  the  acoustic  iti^edance, 
of  the  air  ■edlioi  are  aiproiidiiiately. 


u(x,t) 


u(x,t)s 

fo 

s 


idiere  S  is  the  effective  surface  area  of  the  transducers. 

Fron  Eqs.  It«t49b  and  4^0,  the  volune  velocity  U(z,t)  is  then 


o  o 

To  detexnlne  the  coastants  A  and  B,  let  p(i,  t)  >>  and  t)  - 

he  the  sovBid  pressure  and  •  unifOria  volune  velocity  on  the  receiver  facef 
located  at  z  ■  i  (Fig*  4«*i),  The  aegustle  jnpedaaee  at  the  receiver  face  is 

Pr 


At  t^e  ahove  ccndltioBs,  Eq^s*  4-^19  end  4*'ei  reduce  to 

p_  ■  Ae?"'^  +  Be” 


A  .ri  .  J.  ri 


Sdlvlag  l^e  above  ejMEultaneous  ecpaatians  for  A  and 

47i 

A  .  B  -  + 

'Ebe  acouaMe  lapedance  z(x)  at  a  dlatanee  x  from  the  receiver  face  (looking 
totmrd  the  receiver  face)  ia  defined  by  the  ratio  of  the  initantaneoua  sound 
pressure  p(x>t)  (Eg.  to  the  volume  veloeily  (Iq.  k^l)i 


Z(x) 


^e’^*  +  Be-’^ 


Refenclng  to  Egi  if  Egs.  k^6  are  substituted  for  A  and  i;  the 

numerator  and  denominator  is  divtdM  by  U^;  the  ratio  Pj/^^  ie  ajubitituted  for 
Z^  (Eq.  k^5)i  and  the  definitiona  Of  hyperbolic  Sine,  cos^e,  and  tangent 
are  utilized;  the  aboustic  inpedailiee  reduees  to  ^ 


Z  +  z  tanh  ‘77 

^o  Z^  +  Z^  tanhf  y 


(i|-28) 


idiere  y  s  £  •>-  x,  the  distance  measured  from  the  receiver  face. 

The  sending  end  acous^c  hipedance  Zg  (  the  acoustic  iipedaace  that  the 
transmitter  "sees")  is  obtalsed  ty  evaluating  Eg.  k^&  mt  x  m  £,  the  location  of 
the  transmitter  face  mth  respect  to  the  receiver: 

Z_  +  Z_  tanhy£ 

•  -o  Z^  +  Z.  taaKri  .  (^»-<e9) 

o  r  ' 

a  tank  ai+  j  tan  ^ 

Since  tanh  yi  ■  tanh  .(9  +  J  *  )  <■  j.  ■  ^  the  sending 

1  -f  j  tanh  lai  tan  ^ 


end  lipedanee  can  be  e^gpressed  by 


(Z^  +  Z.  tid^ai)  +  j;(Z-  +  Z  tanhai)  tia  *  £ 

Z  ,  2;  ^  ^  (^0) 

(Z^  +  Z  tanihdi)  +  ^(Z  +  Z-  tanfedi)  tan —i 
or  r  o  c 

^e  sending  end  acotistle  iiqpedance  detexidnes  l^e  xmdiatidn  tapedanee  of 

l^e  tzansmltter  resulting  from  Idie  reaetlon  of  the  sound  pressure  on  the 

trananltter  face  (see  Fig.  3»1).  If  the  transdueer  face  dimensions  are 

greater  or  coaparahle  to  a  vavelength  of  somid,  the  meehanieal  radiation 

lapedanee  (See^  5«3)  is 

Zg  -  S^Zg  .  (Ml) 

^•3  Tr^Mii tter , Sound Jhmssuge 

The  sound  pressure  at  me  transmitter  face  Is 

%  •  Zs"s 

tdiere  Zg  Is  the  sending  end  aeoustle  Ijqpedanee  (Eq.  M9  or  Eq.  Mo)>  end  tJg 
Is  the  alx  volume  veloclly  adjacent  to  the  transmitter  face.  This  volume 
Telocity  Is  related  to  the  effective  vid.oclty  Uj^of  the  transmitter  face  hy 

Wg  -  UiS,  (M3) 

uhere  S  Is  the  swface  area  of  the  tranaaltter  face.  Since  the  acoustic  loading 
on  the  transmitter  Is  amall  compared  to  Its  meChaaical  ii^edance,  the  face 
Y^ocl'^  tt^ls  detendned  primarily  hy  the  transmitter  mechaalcaL^lectrlcal 
characteristics  (see  Sec.  3.3). 

Consequently,  the  transmitter  sound  pressure  Is  marlmwi  at  the  frequency 
mhere  Zg  Is  maximum.  From  Eq.  MO^  Zg  Is  maximum  at  the  acoustic  antlresonaat 
frequency^ 

“o 

*  n )(  n  «  1,S,3>  •  •  .  • 

6^ 


vMch  corree^onds  to  a  reeeiver^^teaainlittex’  tpaelng  of  an  integnll  nnaiber  of 
half  tnivelangtbs : 


i 


tQs, 

g  ^ 


vbere  X  Is  tbe  wavelength  of  Sound. 

At  the  antlxresonant  frequency,  the  sending  end  iapedanee  has  value  of 


%  - 


Z  +  z_  tanh^i 

_  r  ^  o _  _ 

Z^  +  Z  tanh<*i 

O  T 


i^31) 


Tram  Eqs.  k»^31  and  the  trannsltter  sound  pressiure  at  the  antiresonant 


Z^  +  Z^  tai^i 

^o  +  Z^  tanh*'! 
o  r 


If  the  sound  absorption  losses  are  saall. 


As  show  in  section  A.6>  the  sound  pressure  on  the  receiver  face  is  also 
■axira  at  the  antiresonant  frequency  given  by  Eq. 


4.6  Receiver  Sound  Pressure 

The  sound  pressiure  acting  on  the  receiver  face  consists  of  the  sui  of 
the  incident  and  reflected  sound  waves.  ^  order  to  deteneine  this  sound 
pressiure,  the  constants  A  and  B  (  Equatldns  Ar19)  >  can  be  evaluated  in  terns 
of  the  boundary  conditions  at  receiver  and  transducer  faces.  However,  if  the 
lapedance  analogy^  is  used,  the  sound  pressure  on  the  receiver  face  can  also 
be  determined  by  treating  the  air  i^ce  between  the  receiver  and  transmitter 
as  a  onesdiniansional  transnission  line,  and  utilizing  networh  theory .  In  this 
case,  the  acoustic  transslssiQn  line  can  be  treated  as  a  fouxMnniinal' network 
terminated  by  tin  equivalent  acoustic  iipedasce  of  the  receiver  (Fig.  were 


Figure 

Pg  and  correspond  to  the  sound  pressure  st  the  transiitter  and  receiver 
faces,  re^ectively. 

I^B  fo\ir^terBinal  network  theory^,  the  ratio  of  the  sound  pressure  at 
the  receiver  face  to  that  at  the  transmitter  face  is 


*r  J 

Pg  ’  Zg  ■  :  U,  ♦  Zjo' 


where  (refer  to  Fig.  4^): 

Z  a  the  acoustic  ImpedaBce  of  the  receiver, 

r 

^r  * 

\  zTT 

7 

mission  line  terminated  hy  Z^. 

Z^g  a  the  acoustic  impedance  looking  into  terminals  No^  1  with  a  o. 

Zip  *  the  acoustic  impedance  looking  into  terminals  So.  1  with  Z^.  a  «. 

Zgg  a  the  acoustic  jUpedance  looking  into  terminals  So.  2  with  a  abort 

circuit  at  terminals  So.  !• 


^28 


2feo 


the  sending  end  impedance  of  the  acoustic  trani 


ZgQ  a  the  acoustic  impedance  looking  iato  terminals  SO.  2  with  an  open 
circlet  at  terminals  So.  1. 


Since  the  acoustic  transid.ssion  line  is  symetrical. 


%d  “  ^20 


(if  tlefBsl  boundary  layer  effects  are  ineluded>  this  reiuires  the 
transducer  faces  to  he  at  the  saiie  tenperaturei) 

Suhstitutlng  i^e  above  ei^esslons  In  4-«4tO,  and  siapllfyingi  the 
sound  pressure  acting  on  the  receiver  face  can  be  ei^ressed  by 


^  ^  /VlTT  . 

Zio  J  's  •  . 


(M»l) 


From  E4.  4«£9>  and  Z^q  can  be  evaluated  bF 


respectively: 


Z  *  0  aTMi  2  a  00 

r  r 


■  +  2^  tanh  7  i, 


+  cothri  . 


Substituting  in  .E^.  the  above  expressions fOr  Z^g  and  Zio  *hd 


simpliiying^ 


^r  *  (zy+Z^^t^  (  Oosh  7  Z  ')  ’ 


The  receiver  sound  pressure  (Eq.  M»2)  is  also 


at  the  8 


frequency  corresponding  to  a 


transmitter  sound  pressure  (Sec.  Wf): 


n  n  n  »  1,2,5, 


&  -  ^ 

At  ^is  frequency,  since  the  receiver  acoustic  Inpedance  is  much  greater  thaua 
“^e  acous'Uc  inpedance  of  i^e  air  mediun,  the  receiver  soond  pressure  is 


*^r  coshy  J 


i^ere  Is  given  ly  Eqs.  or  and  is  e^ven  by  Eq^ 

If  sound  absorption  losses  are  sihl11>  the  above  ei^ression  reduces  to 


K  “  (MOm) 

r  SB 

uhere  pg  was  substituted  for  Eq.  (ltM39)* 


*^.7  Receiver  Sound  Presstnre  yerej^„Fiai^qwMLcy 

In  Order  to  deteriline  the  speed  of  sound>  the  nsocUium  receiver  output 
( correq^ndmg  to  a  ■arlsiuni  sound  prestnire  on  the  receiver  face)  has  to  be 
Correlated  ^th  the  antiresonant  frequency.  Consequenliy,  the  accuracy  of  the 
neasureBent  win  depend  on  the  change  of  the  receiver  sound  pressure  aagnltude 
near  the  antiresonaat  frequency* 

A  measure  of  the  variation  of  the  receiver  sound  pressure  vlth  respect  to 
frequency  is  the  quality  factor  ^  (acoustical  Q)  Of  the  acovistie  Standing  save: 


idiere  is  the  antiresonant  frequency  corresponding  to  a  ■axlBMS  receiver  sound 
pressure;  and  are  the  frequencies^  above  imd  belov  the  antiresonant  frcM#. 
quency,  vbert  the  receiver  souad  pressure  reduces  to  \/  of  its  marlmai 


value.  As  shoun  in  Sec.  the  quality  factor  is  related  to  the  overall 
acoustic  energy  losses. 


The 


receiver  sound  pressure 


Zg  of  Eq*  the  sending  end  lapedancej 


Z  •  +  JZ^'  tan  ^ 
z  .  z  ^  --.y. 

*  *  *o'  *  J*r'  ^  T 


(Mi€) 


vhere 


r  TO 

Z  '  m  Z  +  Z  tatifa  a& 

O  O  P 

Z  ’■■■=  acoustLe  lapedanee  of  receiver 
r 

>  aeouetle  iapeda&ce  of  the  air  aedltaii. 

At  the  aatireaonaat  frequency, 

w  J 

g  “  ®  ®  •  •  • 


Ihe  naxiiem  value  of  Z^  Is 

S 


(Ml) 


At  the 


of 


frequency  Mlhott  the  receiver  sound  pressure  reduces  "tiy  a  factor 
the  value  Of  Zg  Is  approxiiMitely 


(li^) 


When  the  above  candltion  occurs,  ^e  frequency  can  be  determined 
substituting  Eq.  Mi8  for  ^  in  Eq,  M»6,  and  solving  for  tan^  ui/c: 


5,')®  <Z„')^ 
r  o 


(Z^*)*- 


Since  Z  Is  much  greater  -Uian  if  dissipation  losses  are  small,  the  above 

T  O 

egression  Is  epproxlmately 


tan 


c 


(MO) 


Xbe  angular  frequency  u  is  close  to  the  antlrespnant  frequent  so  that 


ani 


.Aui 
*  n  n  + 
c  c 


Substituting  the  above  ej^ression  for  u^/c,  Eq^  reduces  to 


»,  tM)-!  t«lM 

C  C 


A  «  Z* 

Aui  ^  ^  o 

*r  -  ^ 


«»  „6 


r 


In  terms  of  A  u ,  the  quall^  factor  ( Eq.^  is  arorb3clmately 


b> 


FroB  Eqs. 


and 


Sa  “  2  Au 

f  the  qualily  factor  can  be  eiq^ressed  by 


«  Z  • 
Q  *  M  JL, 

2  ZJ 

o 


A  2o  ^ 
n«  Zr 


Near  the  antlresonant  frequency,  Uq,  the  sending  end  iilpedance 
ej^ressed  in  terms  of  the  aeoustleal  Q  by  first  substituting  Eq. 
tan  ui/c  in  Eq* 


can  be 
for 


Ze  -  z^ 
S  o 


^o’ 


ihere  i/c  vas  substituted  in  terms  (Eq*  ^.h)*  Multiplying  Eq. 

by  its  coaiplex  conjugate,  dividing  the  nmierator  and  denoadnator  by  (Z^^)^, 
and  substituting  the  ratio  Zj/Z'  in  terms  of  the  quality  factor  Q.  given 

JT  '  P  A 

by  Eq*  the  resulting  expression  is 

(»^  Ga’'- 


*s- 


Near  the  antlreednant  frequency  the  nagnitude  of  the  acouatle  aendlng 


end  inpedanee 


Substituting  the  ahoi^  expression  for  Zg  in  Eq#  the  receiver 

sound  pressure  near  or  at  the  sntlresonant  frequent  is 


nn  /  1  +  (Q^)® 


(“  -  «o)i^ 


(1|*58) 


u 


Consequently,  if  the  Q  of  acoustle  standing  wsve  is  high,  the  receiver 
sound  pressure  variation  vlll  he  large  near  the  antiresonant  frequency* 


^•8  Acoustical  Q 

Physical  resonant  (ysteas,  such  as  the  acoustic  interferometer,  esdiihit 
an  e^nential  loss  in  energy  idth  respect  to  time  due  to  their  inherent 
losses.  If  the  system  is  driven,  the  source  svqiplies  luc  sisount  of  energy  equal 
to  that  lost  so  that  energy  of  the  system  remains  constant.  On  the  other  hand, 
if  the  ener^  sowrce  is  removed  from  the  system,  the  energy  content  reduces 
exponentially  vitb  respect  to  tii».  For  this  latter  case,  the  energy  content 
can  he  expressed  in  form. 


N(t)  -  (i|-5?) 

uhere  is  the  initial  energy  stored  hy  the  system  at  t  «  0,  N(t)  is  the 
energy  content  at  a  time,  t  >  0,  and  Q  represents  the  qualily^  factor  of  the 
system.  She  power  loss,  P^,  of  the  system  is 


dW(t)  _  % 
dt  “  Q 


Ibe  z«tid  of  Eqi  (^59)  to  that  Of  (l»«6o)  yields  the  defining  expiation  of  the 
Q  of  a  resonant  ^stem: 


Q 


w^W(t) 
dV 


(0.  Ener^  stored 

.  o _ _ 

l^wer  loss 


2  n  ^ertty  stored 
Ener^  lost  /cycle 


(Ml) 


For  aaall  loises,  the  Q  of  the  acoustic  standing  vave>  as  defined  ahove> 
is  in  accordance  id.tii  the  previous  definition  stated  in  Sec^  hij,  Eq,» 


Q 


1  ® 


(M5) 


idiere  b)^  is  the  antlresonant  frequency;  and  are  the  frequencies  where 
the  sound  pressure  reduces  hy  a  factor  Of  1  /  ot  Its  ■axlinai  value  at  y 

asstailng  a  constant  power  Input. 

The  equivalency  of  the  above  definitions  of  Q  can  easily  be  shown  for 
the  case  of  the  acoustic  laterferoHeter.  It  can  be  ass^ved  that  the  trans^ 
ducer  faces  are  perfectly  reflecting^  and  that  at  t  •  0,  the  transsiltter  input 
Is  reduced  to  zero.  Since  the  ener^  density  Is  proportional  to  the  square  of 
sormd  pressure  or  particle  velocity,  the  acoustic  energy  stored,  V(t)  as  a 


function  of  tine  is: 


V 


»eopc 


W  e 

o 


•HSont 


tdiere  Is  thn  acoustic  energy  stored  at  t  *  Q.  The  power  loss  Is  then 


dt 


■K  2ac  W  e 

P 


rBaet 


Suibstltutlaig  the  t«Q  preceedlng  egressions  la  Eq.  the  Q  resulting 


froa  sound  absorptloa  is 


Q 


flM  above  ej(pz«ssldn  for  the  aeouitleal  Q  li  l^e  taiie  as  tiiat  obtained  in 
^5^  ^en  the  tranedueer  faces  are  assuned  rigid# 
from  Eq#  the  Q  of  the  stan^hg  imve  can  be  written  in  the  form; 


i  X 

«r  «<, 


idiere 


0  «  i 
%  2  z  * 

O 


li  a  factor  related  to  the  receiver  face  rigldlly,  and 


(iM6g) 


(M2a) 


^  2Q5C 

is  a  qualify  factor  related  to  the  <at1)eiiiialiios  constant  a. 


^  Bsergy  leases  tod  Acoustical  Q 

The  sound  energy  losses  of  the  acoustic  interfezoaeter  can  be  grouped 
under: 

a)  Losses  due  to  sound  absorption  resulting  frcw  yiscotbeznal,  ■oleeular 
or  heat  radiation  effects# 

b)  Losses  due  to  the  non^rigidltgr  of  the  transducer  faces. 

c)  Losses  due  to  the  reapval  of  sound  energjrVby  the  vind  or  air  flov 
relative  to  the  transducers. 

d)  Losses  due  to  the  transducer  geopstry  (divergence  of  the  sovmd  field). 

The  energy  losses  in  a)  and  b)  above  have  been  described  in  the  previous 

■  1 

section  in  terns  of  their  respective  quality  factors.  The  energy  losses 
resulting  froB  the  vind  tod  transducer  geraetxy  can  be  associated  vith  an 
effective  decrease  in  tiMi  receiver  face  rigidity  and  is  based  on  the  folloving 
reasoning:  When  the  ^receiver  face  is  not  perfectly  rigid,  the  incident  sound 


wave  causes  the  receivef  face  to  he  displaced^  As  a  result^  part  of  the  sound 
energy  associated  with  the  mcldent  sound  tnive  is  ahsorbed,  and  the  oagnltude 
of  the  reflected  souad  wave  Is  reduced^  Conse^eatly>  the  naghltude  of  the 
stsadlng  wave  is  reduced. 

The  end  effect  of  the  wind  (asstmed  parallel  to  i^e  transducer  faces)  and 
the  divergence  of  sound  field  (neglecting  phasing  effects)  is  essentially  the 
Same:  part  of  l^e  sound  energy  of  Incident  sound  wave  on  the  receiver 
face  is  rraioved;  the  magnitude  of  the  reflected  wave  is  reduced;  and  as  a 
result>  the  ma^ltude  of  the  standing  wave  is  also  reduced. 

The  above  ener^  losses  can  be  related  to  an  overall  acoustical  quality 
factor.  Q.)  by  defining  the  following  power  losses: 

A 

a  acoustic  power  loss  due  to  absorption 
a  acoustic  power  loss  due  to  receiver  face  rigidity 

a  acousUc  power  loss  due  to  the  wind  effect 

w 


quality  factor  related  to  receiver  face  rigidity. 


=  qualily  factor  related  to  the  wind  effect. 


quality  factor  related  to  the  transducer  geometry. 


Referring  to  Sec.  the  quality  factors  and  are  given  by  Eqs.  l*-62a 

and  respectively. 

An  expression  for  the  quality  factor  is  derived  in  the  following 
section  from  energy  considerations. 

4.91  Wind  Q 

The  quality  factor  related  to  wind  energy  losses,  can  he  determined 
from  a  knowledge  of  the  acoustic  energy  stored  between  the  transducer  faces, 
and  the  acoxistic  energy  lost  d\ie  to  wind  flow  relative  (and  parallel)  to  the 
treuisducer  faces.  For  simpllcily,  it  is  assxmned  that  the  transducer  faces 
are  rectamgular.  Referring  to  Fig.  4—5,  the  dimensions  of  the  transducers 
are  of  length  L  (along  the  direction  of  the  wind),  widtl^'  S,  and  the  receiver- 
transmitter  spacing  la  £ . 


wind 


/  \  ' 


6-57 


wind  flov  will  emse  the  transmitted  plane  wave  to  he  displaced 
lateral%^  along  the  wind,  as  it  trayels  toward  the  receiver^  t^n  readiing 
the  receiver  face,  a  portion  x  of  the  wavefront  will  he  located  outside  the 
receiver  face,  resulting  in  an  energy  loss,  in  the  same  manner,  the  reflected 
wave  will  he  displaced  a  distance  x  upon  reaching  the  transmitter  face.  Cie 
standing  imve  is  generated  hy  t^  tranmnitted  and  rsflectdd  Sound  ^sa^s> 
and  the  transmitter  supplies  l^e  energy  loss. 

Let  the  average  energy  densily  E  in  the  receiver^tnunsmltter  region  he 

E  =  E.  +  E^ 

when  and  E^  are  the  energy  densities  associated  with  the  transmitted  and 
reflected  waves,  respectively.  Ihe  total  energy  stored  in  the  receiver^ 
transmitter  region  is  then 

W  =  SiL  (E.  +  Ej  =  SiLE.  (iN66) 

V  F 

She  total  energy  lost  (see  Fig*  is  ; 

.  I  ft*. 

and  the  aiergy  lost  per  cycle  is 

(WjU  .  I  .  (MY) 

At  the  antlresonant  frequency, 

“  h  ^  >  ns  1,2,5  ... 
and  the  distrace  x  can  he  expressed  hy 

X  »  V 

where  v  and  c  are  wind  and  phase  velocities,  respectively.  Substituting  the 
above  esqpressions  in  Eq*  the  energy  lost  per  cycle  is 


n  ^  \ej 


frcni  E(|8i 


j  and  the  guallly  factor  ^  Is 

% 


“  (j)  [y) 


Consequent]^,  the  quality  factor  ^  will  he  large  if  the  vind  velocity 
is  small  Goopared  to  the  ipeed  of  sound,  sad  or  the  receiver^transoitter 
Spacing  corresponds  to  a  large  niaBber  of  half^vavelengths  and  is  small 
eoqpared  to  the  transducer  face  dimensions. 


^•10  SOuad  Absorption  Measurement 

If  the  acoustie  ener^  losses  due  to  sound  absorption  are  much  greater 
than  the  energy  losses  related  to  the  transducer  geometry,  viad  and  non^rigidlty 
of  the  transducer  faces  the  Q  of  the  acoustic  standing  wave,  reduces 

Si  " 

i^ere  (^,  the  quality  factor  related  to  sound  absorption,  is  given  by  Sq. 


9a 


u 

o 

2  06 


('♦-63) 


Consequently,  the  absorp^on  coefficient  a  can  be  determiaed  by  a  smaavrement 
of  the  Q  of  the  standing  uave,  the  aatiresonant  frequency  and  the  speed  of 
soiind. 

At  low  atBK>spheric  pressures  and  or  hicdi  frequencies  the  sound  absorption 
coefficient  can  be  related  to  the  air  viscosi'^  (Sec, 


'♦,11  Air  Density  Meaauraaent 

Substituting  Eqs.  '♦<^0  for  z  and  u  ,  and  assuming  that  sound  absorption 

».  O  B 

losses  are  small,  the  receiver  sound  pressure  can  be  stressed  by(^8,  '♦<"38,  '♦"1^* 


-4 


^ere  Is  tbe  transmltlier  face  veloGltyi  At  tile  antlrespnaat  frequen^^  the 
Baxlmna  recelvef  Sound  pnessure  is 


■ 


nit 


&e  tnaasinitter  face  velocity  can  he  treated  as  a  constant  since  It  can 
he  aainly  detenadned  by  the  eleGtro»eieChanlcai  characteristics  of  the  transmitter 
transducer,  ^erefore^  the  variation  of  air  densijly.. tilth  respeetitaiml^lTtQde^iesm 
he  determjjaed  hy  a  knowledge  of  the  maximum  receiver  sound  pressure,  the 
acoustical  Q  and  the  ^eed  of  sotind. 


5.  CBAMCTE^TtCS 

The  essential  characteristics  and  requirements  of  the  acoustic  Interfax^ 
ometer  are  suimiarlzed.  For  puzposes  of  illustration,  electro static-»'^e 
transducers  are  asaumed. 


5*1  EjeetroHfe^anlcal^eoustical-  Circuit 

Xt  is  necessary  to  relate  the  electrical  input  and  output  of  the  sound 
transducers  to  their  electro^Himchanical  characteristics  and  the  acoustic 
standing  wave  generated  between  the  receiver  smd  transmitter  faces, 

!Ihe  ahove  relationships  can  he  established  by  the  use  of  dynamical 
analogies  between  the  electrical^  mechanical  and  acoustical  quantities^  and 
by  the  application  of  elec^ical  network  theory^*  VUth  this  aiproach,  an 
electroHsechaniCeacoustical  sfatem  can  be  r^reseated  by  an  equivalent  circuit* 


A  siJi^lified  equivalent  elfcMt  (ia^edance  %fe)  for  the  aeoustle  inters 


ferometer  is  ahOwn  in  Fig.  5*i>. 

1  f 


Hectrieal  .  Mechanical 

- 


r 


Acdustical 


1  r 


Mechanical  Electrical 

— _■ — .. — ,  — 


where 

^2  °  instantaneous  input  and  oul^ut  voltages  of  the  transmitter 
and  receiver. 

i^,  ig  3  instantaneous  input  and  ou’^ut  current  of  the  transnltter  and 
receiver  transducers. 

Uj^,  Ug  s  instantaneous  mechanical  velocities  of  the  transmitter  and 
receiver. 

f^^  fg  force  acting  on  the  transsltter  and  receiver. 

Ugi  »  instantaneous  volume  velocity  at  tiSe  transmitter  and  receiver 
faces. 

Pg,  s  instantaneous  sound  pressure  at  the  transnltter  and  receiver 
faces. 

s  clanped  electricsl  capacitance  of  the  transmitter  .transducer, 
s  effective  m,echanical  compliance  of  the  transmittenH>transducer 
measured  with  the  electrical  terDTlnals  sbort<«circuited. 

I  3  electro.^chanical  transformation  factor  of  the  transmitter'^ 


treyasducer 


effective  mechanical  nasi  of  the  transmltter-i^transduCef . 
effective  mechanical  reslstiuace  of  the  tranmid.tter— transduce^^ 

S  =  Surface  area  of  the  transducer  vibrating  surfaces^ 

=  effective  mechanical  mass  of  the  reealver—transduceri 
s  effective  mechanical  resistance  of  the  recelverstransducer. 
s  effective  mechanical  compliance  of  the  receiver— transducer 
measured  vlth  the  electrical  terminals  open  circuited. 

3  electro^Hsechanlcal  transfoxnatlon  factor  of  the  receiver— transducer 
^e2  ^  electrical  capacitance  of  the  transducer  measured  with  the 
transducer  operating  Into  a  zero  mechanical  impedance. 

Zg  s  acoustical  Impedance  as  seen  by  the  transmitter— transducer. 

It  has  been  assumed  lhat  the  transducers  are  of  the  electrostatic  or 
piezoelectric  type,  that  the  transducer  faces  vibrate  with  uniform  v^ocltles, 
that  the  receiver  Is  located  In  the  near  field  of  the  transmitter,  and  that  the 
dimensions  of  the  transducer  faces  are  comparable  or  greater  than  a  wavelaagth. 
If  electromagnetic  type  transducers  are  used,  their  equivalent  circuit  can  be 
reduced  to  the  electrostatic  type. * 

Referring  to  Fig.  3^1,  the  transdiusers  are  represented  by  liaiped  electrical 
and  mechanical  networks.  The  air  apace  between  the  receiver  and  transmitter 
faces  is  r^resented  by  an  acoustic  transmission  line  since  plane  sound  waves 
propagate  between  the  receiver  msd  tranamLttmr  faces  (Sec.  h.k).  Conversion 
between  electrlcid,  mechanical,  and  acoustical  quantities  is  accomplished  by 
ideal  transfonmrs,  and  the  transformation  factors  are  detemined  from  the 
^^slcal  relationships  electrical,  mechanical  and  acoustical 

qpaatities. 


5»2  General  J^anidMer  (^f ac terls Mes 

proposed  aeoustLc  interferoineter  reqMres  the  piston^t^e  transduGers 
to  he  as  direGtlOnal  as  possible  and  to  have  a  SufflGlent  frequency  bandwidth 
in  order  to  cover  the  variation  of  the  speed  of  sound  with  altitude  (sec« 

In  general,  highly  directional  characteristics  can  be  obtained  by  designing 
l^e  vibrating  surfaces  with  dimensions  conqtarable  or  greater  than  the  wavelength 
of  sound  In  l^e  air  medium^.  For  maximum  dlrectlvlly  and  higher  sound  Intensl^ 
ties,  it  is  desirable  to  place  the  recover  in  the  near  sound  (Fresnel  dlffrao^ 
tlon  zone)  of  the  transmitter  where  ihere  is  little  or  no  divergence  of  the  sound 
field  (diffraction  effects  have  to  be  considered). 

Since  the  receivez^transmitter  spacing  has  to  be  veil  defined,  and  the 
Operating  frequency  is  low,  it  Is  necessary  to  use  a  clamped  plate  or  a  dla^ 
phragm  under  tension  which  can  be  driven  by  electroma^petlc,  electrostatic^ 
magnetostriction,  or  by  piezoelectric  means  ^  For  maxlnnmi  efficient^;  the  plate 
or  diaphragm  can  be  tuned  in  the  operating  frequency  range  and  the  frequency 
bemdwldth  can  be  Increased  by  mechanical  Or  acoustical  danping.  A  commercial 
transducer  (Masse  Tr<^l)  consisting  of  a  tuned  clamped  plate  driven  by  plezp« 
electric  means  was  used  successfully  In  an  e^erimental  model  (Sec.  IX^T)* 

^.3  Transmitter  Characterlstles 

The  electroBmechanlcal  relations  of  the  transmitter  are  analyzed  in  terms 
of  the  frequency  bandwidth  requlTma^bs.  An  expression  for  the  sound  pressure 
magnitude  is  derived  in  tezies  of  ^e  transBdtter  electroHnechanicsl  dharacter^ 
is  tics  and  the  acoustLcal  loading  on  the  transmitter. 

3*31  ElectrcNMechanlcal  Relatjens. 

From  the  equivalent  circuit  shown  In  Fig.  4-4;  the  electro-aechanical 
equlvalmat  circuit  of  the  transmitter  transducer  can  be  simplified  to  that  shown 


Zpj  the  mechanical  radiation  iiiqpedaiicse>  is  (see  Fig^  3^1) 


h 


vhere  the  acoustic  sending  end  impedaimGe  at  the  transmitter  face,  is 
deteimined  hy  acoustic  standing  wave  ( Sec-  k-.  4)  ^  Near  the  acoustic  anti* 
resonant  frequency,  corresponding  to  a  laicxlmaim  sotind  pressure  on  the  receiver, 
tbe  acoustic  iiig)edance  Zg  is  given  hy  Consequently,  for  small 

dissipation  losses,  the  mechanical  radiad*  oti  ispedance  can  be  es^ressed  1i^ 


/  i  L  <"  ■*  “o>i‘ 


ns 


tAere  p  ^ 

c 


air  density 
speed  of  sound 


u 


(excluding  the 


s  acoustic  an tl resonant  aiiiQg^ar  frequency 
=  Q  of  the  acoustic  staiii:.ing  wave  (See.  4.9). 
to  Fig.  the  mechanical  ^  impedance  of  the  moving  face 
radiation  impedance)  is 


(5-5) 


where  u  is  the  angular  frequency  of  the  iiiiipa.t  voltage. 

For  maxinum  efficiency,  it  is  desirablle  to  drive  the  transmitter  near 


its  mechanical  resonance.  Since  the  mecboKnical  bandwidth  is  important,  it  is 
advantageous  to  express  the  mechanical  im>*edance  In  terms  of  the  mechanical  Q 
of  the  trans!id.tter^ 


\^ere  is  the  angular  fretueney  ieflned  hy 


(li 


i 


and  SAW  corresponds  to  mechanical  frequency  bandwidth. 

(Qae  frequency  bandwidth  requirements  (see  Sec.  ^.5)  determine  the  value 
of  l^e  mechanical  Q. 

S\:ObStituting  Eqs.  >4  and  5»5  for  and  R  -  in  Eq.  5“5>  the  absolute 

mj^  nUL  ' 

value  of  ^e  mechanical  inpedance  can  be  expressed  by 


u 


[‘ • -w- • 


Qie  mechanical  Q,  and  consequently  the  mechanical  frequency  bandwidth^ 
can  be  adjusted  by  controlling  the  magnitude  of  the  equivalent  mechanical 
resistance  either  by  mechanical  or  acoustic  damping. 


5  *32  Sound  Pressure 

Referring  to  the  equivalent  circuits  of  Figs.  ^1  and  >-S,  the  sound 
pressure  at  the  face  of  the  transmitter  is 

Pg  =  (5-7) 


where  the  transmitter  face  veloci^^  is 


% 


^  e^ 


2L  and  Z  are  the  radiation  and  mechanical  impedances  of  the  transmitter. 

A  mx  7 

respectively,  if  the  driving  frequent  lies  wl'^in  the  mechanical  bandwidth 
of  the  ^ansmltter  and  is  near  the  acoustic  antiresonant  frequency^  the 
radiation  and  meehanical  impedances  are  given  by  Eqs.  and  respectively. 


Since  is  proportional  to  the  air  density,  it  can  he  neglected  in  comparison 
to  the  mechanical  impedance  (especially  at  high  altitudes) ^  With  the  ahove 
assumptions,  the  sound  presstnre  at  the  transinitter  face  is  a^roidJiately 


%  " 


nitUi, 


\ 

%  J  *a;  V-* 

L  . 

J  w 

near  or  at  the  acoustic  antiresonant  frequency  u)^. 

Within  the  mechaniGal  handvidth  of  the  transducer,  since  the  acoustical 
Q  is  much  greater  than  the  mechanical  ^  the  sound  pressure  is  maximum  at  the 
acoustic  antiresonant  frequency 

fraa.  Eq.  it  can  he  seen  that  the  output  sound  fiiRSsure '  is  directly 
proportional  to  the  air  densily  and  the  acoustical  Q.  As  long  as  the  iound 
energy  losses  are  small,  the  value  of  the  acoustic  Q  will  he  high*  Conse^ 
quently,  an  intense  sound  pressure  can  he  ohtalned  with  this  type  of  acoustic 
interferometer.  Also,  since  ihe  radiation  inpedance  is  mostly  reactive  for 
this  case,  very  little  acoustic  power  is  required.  For  example,  witdi  the 
experimental  model  of  the  acoustic  Interferometer,  So\md  pressure  magnit\ides 
of  3^000  dyn^crn^  were  obtained  with  a  total  power  input  of  only  .1  watts 
input  to  the  transducer  (Sec.  II—T). 


5.^  Receiver  Chaiucteristlcs 

5.i<-l  Receiver  Sound  Pressxxre 

sotuid  pressure  acting  on  the  receiver  face  is  determined  ly  the 
incident  ^d  reflected  sound  on  the  receiver  face.  In  general,  the  mapiltude 
of  the  sound  pressure  is  internrelated  with  the  transmitter  characteristics, 
the  air  space  acting  as  an  acoustic  transmission  line,  and  the  proper-ties  of  the 
receiver  face  as  a  reflecting  surface  (Sec.  h.6)> 


Referring  to  Eq*  the  receiver  sound  pressure,  p^,  near  or  at  the 

acoustic  antiresonant  frequency,  is 


P, 


Pr 


S 


Co  .3h  a  i 


where  p^  is  '^e  so\ind  pressure  generated  by  the  transmitter  (Eq.  ^4^),  a  is 

■  D 

the  sound  absorption  coefficient,  and  £  is  the  receiver^transmitter  spacing^ 
Exc^t  for  sound  absoiption  losses,  the  receiver  sound  pressure  is  of  '^e 
Same  magnitude  as  that  generated  at  the  transmitter  face^ 


5*^  Receiver  Output 

Referring  to  the  equivalent  circuit  shown  in  Fig^  5^1,  the  receiver 
output  voltage  (open  circuit)  is 


“ 


S  X  p. 


me 


(5^11) 


where  p  is  the  receiver  sound  pressure,  Z  is  the  mechanlced  impedance  of 
z*  ms 


the  receiver. 


mp 


and  X  is  the  mechanical  impedance  of  '^e  cmqpllance  c^  , 


X  = 


^e  mechanical  iopedance  Z^  can  also  be  expressed 


in  tens  of  the  mechanical 


Q  of  the  receiver, 


ms 


where  ug  is  angular  frequency  defined  by 


Substituting  Eqs.  5“i5  and  for  X  and  respectively,  ^e  receiver  output 
near  or  at  the  acoustic  antiresonant  frequency  is 


If  the  aeoustical  Q  is  much  greater  than  the  mechanical  Q  of  the  receiver  and 
transmitter,  the  receiver  output  will  be  maximum  at  the  acousi^c  antiresonant 
frequency  where  the  transmitter  sound  pressure  is  maximum.  With  a  high 
acoustical  ^  a  large  rate  of  change  of  the  receiver  output  occurs  idien  the 
frequency  approaches  the  acoustic  antiresonant  frequency* 

5* ^3  Si<aial^to>^Hoise  Ratio 

Ihe  indeterminateness  in  correlating  the  maximum  receiver  output  to  the  acoustic 
antiresonant  frequency  is  dependent  on  two  factors: 

a)  the  change  in  receiver  output  as  tbe  freqaency  approaches  the  anti^ 
resonant  frequency. 

b)  the  noise  present  in  the  receiver  and  in  the  detection  astern. 

Referring  to  Eq.  5*15^  the  change  in  the  receiver  output  is  depeiident  on 

the  magnitude  of  the  ovitput  voltage,  the  acoustical  Q,  and  how  close  the 
frequency  is  to  the  antiresonant  frequency.  Neglecting  the  variation  in  the 
mechanical  ixqpedance  of  the  transducers,  the  receiver  output  can  be  esgpressed 


where  f  is  the  frequendy  in  dps,  and  e^  is  l^e  naximum  redeiver  output  at  the 
adoustid  antiresdnant  frequency,  As  the  frequency  varies  sli^tly  from  f^, 
the  product  of  the  variahles  inside  the  radical  of  Eq.  3^16  will  he  much  less 
than  one.  Consequently,  the  receiver  ou^ut  can  be  e^ressed  by  eiqpanding  the 
radical  in  a  power  series  and  neglectlag  all  tems  except  the  first  two: 


^ere  Af  =  f  -  f^.  the  above  ea^ression,  if  the  antiresonant  frequency 
is  to  be  determined  within  a  frequency  bandwidth  Af  for  a  specified  adoustlcal 
Q,  the  required  si£^al>»to««oise  ratio,  SUB,  is 


Referring  to  Eq.  1-^,  the  SRR  can  be  written  in  terms  of  the  corresponding 
error  AT  (neglecting  sound  dispersion  and  Hiermal  effects)  In  determining  the 


actual  kinetic  or  virtual  teagperature  T^: 


Thus,  for  a  specified  degree  of  acctnracy  in  determining  the  air  temperature, 
the  acoustical  Q  detemdnes  the  required  signal^-to^oise  ratio.  For  exanple,  if 
air  tenperature  is  to  be  determined  within  one  degree  when  the  air  temperature  is 
250°K,  the  required  signalx^tQ^oise  ratio,  for  an  acoustical  Q  of  23,  is  HQO. 


5*5  TrMsducer  Fredaency  Bandwldtfe 


Since  idle  ^eed  of  sound  vanies  with  altitude,  the  sound  frequency  is 
varied  within  a  fre<penGy  range  periodically  in  order  that  the  fixed  receiver- 
trananitter  spaeing  correspond  to  an  integral  numher  of  half  wavel^gths^  Conse-^ 
quently,  the  transducer's  frequency  handwidth  isust  he  sufficiently  wide  la  order 
to  respond  within  the  required  frequency  ranges 

If  thermal  effects  are  ne^igihle,  the  frequency  can  he  varied  within  a 
frequency  range  so  as  to  obtain  only  one  sound  pressure  ttaxima  on  the  receiver 
face  as  the  ^eed  of  sound  varies.  For  this  case,  idie  frequency  range  is 
detexmlned  hy  the  maximum  variation  of  the  speed  of  sound  with  respect  to 
altitude.  From  Eq.  1-4,  the  speed  of  sound  as  a  function  of  the  ahsolute  air 
teoperattire  f  can  he  expressed  ly 


(5“19) 


where  c^  and  correspond  to  speed  of  sound  and  the  tenperature,  respectively, 
at  some  reference  altitude.  From  Eqs.  and  5^19,  the  antiresonant  fre«» 
quency  (cps)  at  a  tenperature  T  is 


f  = 


If  the  temperature  extremes  are  (hlephest)  and  T  (lowest),  the  required 
frequency  handwidth  is 


Af  » 


Oonsequently,  the  required  transducer  Q  is 


when  thenmal  boundai^y  layer  effects  are  to  he  taeasured,  it  is  necessary 
to  obtain  two  suGcessive  maxinia  as  the  frequency  is  varied.  For  this  case,  let 
f^  be  l^e  antiresonant  frequency  at  l^e  highest  tenperature  and  speed  of 


sound  c; 


n  c 
o  o 

“SF" 


At  ^e  speed  of  sound  c,  the  next  lowest  antiresonant  frequency  f,  is 


approxinateiy 


f 


At  the  lowest  tedq>erature  T,  the  antiresonant  frequency,  f",  corresponding 
to  the  same  ninaiber  of  half  wavelengths  as  f,  is 


Frofli  Eqs.  5-^  and  5^3  the  required  frequency  bandwidth  is 


Af  = 


As  shown  in  Sec.  6  it  is  necessary  to  limit  the  recelver-^transmitter 
spacing  if  only  one  or  two  receiver  maxima  are  to  be  detected. 


5*6  ltecelver-«jiransmltter  Separation 

As  shown  in  the  previous  section,  the  frequency  bandwld'^  is  primarily 
determined  by  the  variation  of  the  speed  of  sound  vl'^  respect  to  alMtude. 
Consequently,  it  is  necessary  to  restrict  the  receiver^transmltter  spacing. 
Otherwise,  since  the  antiresonant  frequencies  are  determined  by  the  nunber  of 
half«4favelengths  between  the  receiverRtransgd,tter  spacing^  it  is  possible  to 
obtain  more  than  the  desired  nunber  of  pressure  maylma  at  the  receiver  face. 


If  dniy  one  receiver  sotmd  pressure  maximum  Is  de8lred>  it  is  necessary 
to  adjust  the  receiver^transmitter  separation  so  that  the  required  frequency 
handvidth  (Eq.  5»^1)  is  less  i^an  tiae  frequency  difference  hetween  two 


successive  maxima,  for  this  ease>  let  f^  he  the  highest  acoustic  antiresonant 
frequency  (within  the  required  frequency  bandwidth): 


“o  ° 

^o  “  "TI 

The  next  lowest  antiresonant  frequency  is 


(5^5) 


f 


n  -  1  ^ 

n  o  "  n^  ^o  * 


iDa  order  to  eliminate  one  of  the  maxlomi,  the  frequency  bandwidth,  Af>  should 
be  limited  so  that 

Af<r-f'*  (5^7) 

0 


Ftoti  Eqs.  and  >46,  the  numher  of  half>^velength8  between  the  receiver 


and  transmitter  must  then  be 


“o< 


Substituting  Eq.  >41  for  Af , 


(>^8) 

(5-29) 


uhere  n  is  an  integer, 
o 

for  the  case  >dien  only  two  receiver  soimd  pressure  waxtma  are  desired,  it 
is  necessary  to  adjust  the  receiveretransmitter  separation  so  that  the  frequency 
bandwidth  given  by  Eq.  >44  is  less  than  the  frequency  difference  between  three 
successive  maxima.  If  f^  is  a^^in  the  hipest  acoustic  antiresonant  frequency 
(Eq,  545),  '^e  sec^d  lowest  antiresonant  frequency,  f,  is 


f" 


h  ^  2  “  2 

o  ^  ^  Q _  f. 

Tl  ®o  "  Hq  o  * 


Q3ie  frequent  range  should  he  limited  so  that 

2t 

Af<f^-f"  ^  (^51) 


Substituting  Eq*  for  Af  in  the  above  egression,  and  solving  the  resulting 
inequality  for  n^^  the  ntMber  of  half  vavelengths  at  the  frequeney  f^  has  to 


be  less  than 


5*7  Mhjdjaum  Operating  Altitude 

The  majclmum  operating  altitude  of  the  acoustie  interferometer  is  primarily 
determined  by  the  reduction  of  the  acoustical  Q  resulting  from  viscosity  losses 
(Sec.  4.3).  Another  inportant  factor  to  consider  is  the  minimum  required  signal*^ 
toHcoise  ratio  for  a  specified  degree  of  accuracy  in  determining  the  speed  of 
sound  or  tiie  air  temperature. 


5*71  Acoustical  Q  High  Altitudes 


At  high  al'^tudes;  the  acoustical  Q  is  mainly  deteimlned  ly  the  loss  of 
acoustic  energy  resulting  from  viscosl^  effects.  From  Eqs.  4»l4,  and 

it  can  be  seen  that  the  quali%  factor  due  to  viscosity  losses,  ^  ,  is 
proportional  to  the  prodiict  of  the  air  density  and  inversely  proportional  to 
the  angular  somd  frequency: 


Q 


Consequently,  the  qualil^  factor  at  high  altitudes  is  a  small  numiber,  and 
the  Overall  acoustical  Q  ( Eq^  ^5^)  is  approximately  Q  ^ : 


(5^5) 

In  order  to  correlate  the  the  acoustic  sntiresonant  frequency  with  the  maximum 
receiver  sound  pressure,  or  the  maximum  receiver  output,  the  minimum  acoustical 
Q  cannot  be  less  than  twice  the  transducers'  Q.  From  Eq.  >^la,  if  thennal 
boiMdaiy  layer  effects  are  neglected,  -idie  minimum  acoustic  Q  is  therefore. 


(5“56) 


where  and '  t  are  .the  air  tes^ratiire  extremes  to  be  measured. 


5*72  Signal^tcHlioise  Ratio 

The  second  factor  to  consider  is  the  required  sigi}al««toHcoise  ratio  for 
a  specified  degree  of  acctiracy  in  the  measurement  of  the  phase  velocily  of 


sound  or  the  air  ta&perature.  If  the  phase  velocity  of  sound  is  to  be  deter¬ 


mined  within  a  range  Ac  or  the  air  temperature  to  within  AT  degrees 
(neglecting  sound  dispersion),  the  ndnimum  signal— to-noise  ratio,  SNB,  is 


given  by  Eq.  5*-l8# 


Consequently  at  hi^  altitudes,  for  a  specified  degree  of  accuracy  in  deter* 
mining  the  speed  of  sound  or  the  air  temperature,  the  required  SIffi  is  increased 
due  to  the  reduction  of  acoustical  Q. 

As  Shown  in  Sec*  the  maximim  receiver  sound  pressure  at  ^e  acousMc 
antlresonsnt  frequency  is  proportional  to  the  product  of  the  sdr  denslly  and 


the  acoustical  Q.  from  Eq.  ^3^  it  follows  that  at  hl^  altitudes,  the  sound 
pressure  will  vazy  prc^ortionally  to  the  square  of  the  air  densilyi  If  the 
input  to  i^e  transMtter  r^naihs  constant,  the  sound  pressure  F  at  any  altitude 
can  he  written  in  tens  of  the  sea  level  sound  pressure  F^,  the  acoustical  Q, 
and  the  air  densily  p^: 

^  ClXt) 

where  p  and  Q  correspond  to  the  air  density  and  the  acoustical  Q  at  the  parties 
ular  altitude  tdiere  the  sound  pressure  is  F. 

Following  the  discussion  of  Sec.  3>13>  the  acoustical  noise  at  hi^ 
altitudes  can  he  neglected  as  long  as  the  air  flow  past  the  transducer  faces 
is  laminar.  Consequently,  only  the  electrical  noise  arising  in  the  receiver 
or  detecting  system  has  to  he  considered. 

5.73  Example 

As  an  exanple  in  calculating  the  highest  operating  range  with  the  acoustic 
Interferometer,  assume  that  the  Areas  meteorological  missile  is  utilized.  Ib 
minimize  viscosi^  effects,  the  lowest  poSSihle  frequency  is  to  be  used.  Bow« 
ever,  due  to  space  considerations,  a  nominal  operating  frequency  of  90QO  cps  is 
assumed.  Referring  to  Eq.  3>Sla,  end  asauning  that  the  acoustic  interferometer 
is  to  measwe  air  temperatures  ranging  from  300°K  to  19Q^Kf  the  required 
transducer  Q  is  approximately  3.. . 

Opnsequently,  the  ndnimum  acoustical  Q  is  twice  the  above  value; 

%  •  w 

at  high  altitudes,  the  quality  factor  will  primarily  detezmine  the  Q  of  the 
standing  wave. 


Referring  to  Eq.  aad  to  the  values  of  the  latemational  reference 
atmosphere^;  the  editituie  corresponding  to  a  quality  factor  ^  Of  10  is 
ai^roxiaately  6^  Ka^  This  is  theoretically  the  highest  altitude  possi’ble 
asstfining  the  above  conditions ^ 

in  order  to  obtain  an  idea  on  the  order  of  magnitude  of  the  receiver 
sound  pressure  and  the  signal— to^olse  ratio  at  this  maximum  alti  tude, 
assume  that  the  receiver  sound  pressure  and  the  acousMcal  Q  at  sea  level 
is 

=  3000  dynes 

%  -  50 

vhlch  are  realizable  values  obtained  eagperlmea tally  (Sec^  11—7). 

From  Eq.  3^3?>  the  sound  pressure  at  l^e  maximum  altitude  of  63  Km 
viould  be  0i07  d^es/cm^.  At  this  altitude,  the  air  temperature  is  approxi¬ 
mately  If  the  air  temperature  is  to  be  measured  within  2'*K  (assuming 

sound  dispersion  corrections),  the  minimum  signal— toHoolse  ratio,  from 
Eq.  3^18  is 

SNR  =  273  » 

Since  the  sound  pressure  is  0.07  dynes/cm^,  there  is  no  problem  in 
obtaining  the  above  signal— tot^ioise  ratio  if  the  air  flow  past  the  transducer 


faces  is  laminar. 
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1,  Introduction 

In  the  design  and  development  of  the  preliminaiy  circuitty  for 
the  Sonotherm  (Sec  IN6)  two  objectives  were  combined:  (a)  the  con- 
struction  of  a  prototype  flight  unit,  and  (b)  a  testing  system.  There¬ 
fore,  certain  compromises  such  as  that  between  simplicity  of  circuitry 
for  flight  unit  application  and  versatility  for  laboracory  and  environ¬ 
mental  testing  were  necessary  in  otjBer  to  accomplish  both  objectives . 

The  primary  elements  of  the  sonotherm  device  are  the  transducetSy 
Once  suitable  transducers  were  found,  the  necessary  circuitry  was  devel¬ 
oped  and  adapted  for  environmental  testing. 

2.  General  pescription 

TTie  proposed  Sonotherm  flight  unit  (see  Sec  II-6)  is  basically 
an  airborne  acoustic  interferometer  for  performing  acoustic  aeasure- 
ments  in  the  upper  atmosphere.  In  operation,  the  flight  unit  performs  the 
following  functions:  an  acoustic  standing  wave  is  generated  between  a 
sound  source  (transmitter)  and  a  microphone  (receiver)  separated  by  a 
fixed  distance.  The  sound  frequency  is  varied  periodical lyi  between  two 
prescribed  frequency  limits,  and  the  receiver  sound  pressure  is  detected 
as  a  function  of  frequency.  The  receiver  output  is  then  telemetered  to 
a  ground  station.  A  frequency  measurement  corresponding  to  the  maximum 
receiver  output  yields  information  on  the  phase  velocity  of  sound;  sound 
absorption  and  other  acoustic  losses  can  be  determined  by  a  frequency 
bandwidth  measurement;  and  an  amplitude  measurement  can  be  related  to  the 
air  density. 


BLOdC  DlA^AMt  SORdfHEfM 


A  bldck  diagram  of  the  flight  unit  is  shown  in  Figure  2«1, 

Two  ^iston>type  sound  transducers  are  positioned  with  their  vibrating 
faces  parallel  (,  facing  each  other^  and  separated  by  a  fixed  distanceo 
Bie  transmitter- transducer  generates  a  plane  wave  which  is  reflected 
at  the  face  of  the  receiver-transducer.  Interference  between  the 
trwsmitted  and  reflected  sound  waves  results  in  a  standing  wave  in 
the  air  medium  between  the  transducer's  faces. 

Ideally,  at  the  acoustic  antiresonant  frequency  where  the  receiver- 
transmitter  spacing  corresponds  to  an  integral  number  of  half  wavelengths, 
the  receiver  sound  pressure  and  the  receiver  output  is  maximum.  Conse¬ 
quently,  the  speed  of  Sound  can  be  determined  by  a  measurement  of  the 
frequency  corresponding  to  the  maximum  receiver  output.  The  kinetic  or 
virtual  temperature  can  then  be  determined  since  it  is  a  function  of  the 
speed  of  sound  (Sec  I 1-6). 

Since  the  receiver’-transmitter  spacing  is  fixed  and  the  speed  of  sound 
varies,  a  sweep  generator  (Fig.  2-1)  scans  the  sound  frequency,  periodically, 
within  a  specified  frequency  range.  During  each  period  of  frequency  Scan¬ 
ning,  the  receiver-transmitter  spacing  corresponds  to  the  same  integral 
number  of  half  wavelengths  at  a  particular  frequency  depending  on  the  mag¬ 
nitude  of  the  ipeed  of  sound.  Tho  repetition  rate  generator  controls  the 
frequency  and  the  sampling  rate  of  the  sweep  generator,  and  drives  the 
transmi  1 1  e  r-^t  rans  duce  r . 

The  sound  pressure  acting  on  the  receiver  face  is  detected  by  the 
receiver-transducer  and  its  output  voltage  consists  of  a  frequency  and 
amplitude  modulated  waveform  as  shown  in  Figure  2-2.  The  receiver-truis- 
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dueef  output  is  then  amplified  by  the  receiver  amplifier^  and  the 
amplified  signal  is  applied  to  the  telemetry  section  where  the  signal 
is  transmitted  to  a  ground  station.  An  automatic  gain  control, 
located  between  the  receiver  and  the  transmitter  driver,  compensates 
for  the  amplitude  variation  of  the  sound  pressure  with  respect  to  al¬ 
titude. 

The  receiver- transducer  signal  is  recovered  at  the  ground  station. 
Correlation  of  the  signal  amplitude  with  respect  to  .frequency  is  ac- 
coa^lished  by  the  Ground  Detection  System  (Sec  I I- 8). 

At  the  present  time,  since  environmental  t  ting  has  been  emphasized, 
the  telemetry  system  and  the  AGC  control  have  not  been  designed.  However, 
a  standard  Rawln  Set  AN/GMD-1  easily  meets  the  telemetry  system  require¬ 
ments  with  little  or  no  modification. 

The  various  elements  of  the  flight  unit  will  now  be  considered  in 
detail. 

3.  The  Transducers 

The  sound  transducers  are  the  primazy  elements  of  the  Sonotherm  flight 
unit.  Various  requirements  had  to  be  met  by  the  sound  transducers  in  order 
to  be  applicable  for  use  with  the  Sonotherm  device,  In  order  to  save  time, 
ccmimercially  available  sound  transducers  were  utilized, 

3.1  -  General  Regyurements 

The  main  requirements  of  the  sound  transducers  were  (see  Sec  Il^b, 
pt,  5,2): 

a)  the  sound  transducers  had  to  be  of  the  piston«type  with  highly 
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directional  characteristics  and  good  sound  reflecting  properties. 

b)  the  frequency  bandwidth  had  to  be  sufficiently  wide  in  order 

to  cover  the  variation  of  the  speed  of  sound  with  respect  to  altitude. 

c)  the  operating  freqisency  had  to  be  sufficiently  low  (below  30 
KC)  in  order  to  minimize  sound  dispersion  effects  (Sec  1-2). 

d)  the  sound  intensity  and  receiver  sensitivity  had  to  be  such  that 
a  good  signal- to- noise  ratio  was  maintained  at  high  altitudes. 

e)  the  sound  transducers  had  to  be  as  light  and  as  compact  as  pos¬ 
sible. 

Highly  directional  characteristics  were  obtained  by  using  trans¬ 
ducers  whose  vibrating  face  dimensions  were  at  least  2  wavelengths  of 
sounds  and  by  placing  the  receiver  in  the  near  field  of  the  transmitter. 
For  maximum  efficiency  at  low  frequencies »  and  since  the  receiver- trws- 
mitter  spacing  had  to  be  well  defined,  it  was  decided  to  utilize  trans¬ 
ducers  with  a  clamped  vibrating  flat  plate  or  a  stretched  diaphragm  which 
could  be  driven  near  its  resonant  frequency  by  electrostatic  or  magneto- 
strictive  means. 

Various  types  of  commercial  sound  transducers  were  tested,  such  as 
small  electromagnetic  compression  tweeters  and  crystal- type  transducers. 
Most  of  these  devices  were  rejected  primarily  because  they  either  lacked 
a  sufficient  frequency  bandwidth  or  were  inefficient  in  generating  an  in¬ 
tense  acoustic  standing  wave.  Finally,  the  MASSA  TR-21  sound  transducer 
was  Selected  because  it  met  most  of  the  desirqd  characteristics  and  was 
was  commercially  available. 

3.2  -  TRg21  Transducer 
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Tie  MASSA  TR-21  (Fig,  3«i)  sound  transducer  is  basicaily  a  clamped 
vibrating  plate  resonating  at  23  KC  and  driven  by  piezoelectric  means. 

Tie  vibrating  clamped  plate  is  a  flat  aluminum  circular  disk  5/16"  thick. 
Coated  on  the  back  side  of  the  clamped  plate  is  a  barium  titanate  ceramiCo 
Two  semicircles  of  conductor  material  are  bonded  atop  the  barium  titanate, 
to  which  the  lead“ins  are  connected. 

The  electrical  signal,  via  the  characteristics  of  the  barium  titanate, 
causes  the  front  plate  to  warp.  Maximum  efficiency  is  obtained  at  the 
fundamental  resonant  frequency,  23  KC,  of  the  composite  aluminum  and 
barium  titanate  plate.  The  face  diameter  is  slightly  Over  3  centimeters, 
which  is  approximately  twice  the  wavelength  of  the  resonant  frequency  of 
the  transducer,  23  kilocycles. 

Transmitting  Characteristics 

The  TR-^l's  far  field  Transmitting  Sensitivity  is  ♦34db  (ref  one 
microbar)  at  1  ft.  (100  milliwatts  available  power),  and  its  beam  width 
is  70°  where  the  sound  intensity  of  the  major  lobe  reduces  by  1/2  of  its 
axial  intensity. 

Receiving  Characteristics 

The  sensitivity  of  the  transducer  as  a  receiver  is  ^60  db  (23  KC) 
(reference  1  volt  per  microbar)  when  untuned,  with  a  bandwidth  of  200 
cycles.  The  bandwidth  can  be  greatly  increased  (up  to  about  2350  cycles) 
by  electrical  tuning  with  a  shunt  or  series  low  Q  coil. 


Eiectrical  Characteristics 

An  approximate  electrieai  equivalent  circuit  of  the  transducer  is 
shown  in  Figure  3-2.  Except  at  its  resonant  points ,  the  TR-21  trans¬ 
ducer  appears  as  a  capacitive  impedance  of  approximately  8000  ohms. 


Figure  3-2 

is  the  Clamped  capacitance  of  the  transducer^  approximately 
880  picofarads,  and  C^L,and  R  are  the  electrical  equivalent  elements 
of  the  mechanical  charaeteristics. 

Two  resonant  points  oceurj-one  is  the  parallel  resonance  of  C^, 
and  L  and  the  second  resonance  is  the  series  resonance  of  and  L, 


Except  at  these  resonance  points,  the  impedance  of  the  transducer  is 
absolutely  constant. 

4,  Electronic  Circuitry 

The  flight  unit  circuitry  (Fig.  2^1)  was  developed  as  its  need  ap« 
peered  and  initially  was  of  bread-board  construction.  As  refinement  of 
the  circuitry  was  developed,  the  circuitry  was  consolidated,  as  much  as 
possible,  into  a  unit.  At  present,  the  circuitry  is  not  in  a  form  for 
actual  flight,  but  the  basic  construction  and  functional  problems  have  been 
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solved. 


4oi  The  Sweep  Frequency  Generator 

Of  primary  importanGe  was  an  oscil later  which  could  sweep  through  a 
set  of  frequencies  at  a  given  rate.  The  frequency  modulatioh  of  such  a 
low  set  of  frequencies  proved  to  be  difficult.  Several  types  of  oscils 
lators  were  tried  but  with  the  same  results:  the  amplitude  of  the  output 
would  vary  with  frequency  or  the  frequency  range  was  too  limited.  After 
several  failures  to  get  the  desired  results ,  it  was  decided  that  a  biased 
multivibrator  would  be  used  with  the  bias  controlled  by  a  repetition  rate 


generator. 

Referring  to  Fig.  4.1,  the  sweep  generator  is  a  straight  forward  biased 
multivibrator  V-S  working  into  a  cathode  follower  V#4b»  for  matching  the  high 


output  impedance  of  the  multivibrator  to  the  low  input  impedance  of  the  RC 
integrating  network  which  was  used  to  eliminate  some  of  the  hannonics  of  the 
Square  wave  output  of  the  multivibrator.  The  output  of  the  integrator  is  ap* 
plied  to  a  cathode  follower  V-6a  to  match  the  output  of  the  integrator  to 


the  input  of  a  harmonic  filter.  This  filter  was  designed  to  pass  the  fundi' 


mental,  but  to  re 
cathode  follower, 

4.2  ^  The  Repetition  Rate  Generator  4 

The  repetition  rate  generator  is  a  multivibrator  operating  at  10  cps.(Fi^4 

i 

The  output  signal  is  fed  into  an  amplifier,  V'^2a,  which  is  driven  from 
cutoff  to  saturation  in  order  to  produce  a  better  square  wavoo  The  signal 
is  then  integrated,  added  to  the  original  square  wave  signal  through  a 
differential  amplifier,  V<^3,  then  fed  into  a  clipping  ^plifier,  v>2b,  and 


ect  all  harmonics.  The  signal  is  then  passed  through  a 

'■i 

V-6b,  to  the  input  terminals  of  the  transducer  driver. 


REiPCTiTilON  RATE  COUNTER  SWEEP  8ENERAT0R 
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REPETITION  IRATE  AND  SWEEP  GENERATORS 


on  to  a  cathode  follower,  V«4a,  which  Controls  the  multivibrator  bias.  The 
resultant  waveform  is  a  signal  which  rises  linearly  for  100  milliseconds  then 
drops  sharply  to  the  base  and  stays  at  the  base  for  100  milliseconds.  This 
gives  five  sweeps  a  second  at  the  ten  cycles  per  second  repetition’ rate, .  .  . 
ieavingaMiOo  millisecond  time  interval  between  each  sweep  for  possible  te¬ 
lemetry  of  other  information, 

4.3  -  Transducer  Driver 

Tests  were  Gonducted  to  determine  the  parameters  of  the  circuit 
components  neeessaiy  for  properly  driving  the  TR-21,  It  was  found  that 
a  low  impedaiiee  generator  operated  the  best  at  the  frequencies  finally 
used  in  the  chamber  tests,  and  a  connercial  amplifier  was  used. 

In  order  to  increase  the  transducer's  frequency  bandwidth,  the  driver 
signal  was  reduced  at  and  near  the  transducer's  resonant  frequency  by  a 
series  tuneil circuit,  which  was  added  to  the  grid  of  the  output  stage  V-6b, 
This  attenuated  the  resonant  frequency  driving  signal  9  db  and  reduced  the 
peak  signal  at  resonance,  thereby  increasing  the  bandwidth6 

Before  tests  could  be  conducted  in  the  climate  chamber,  the  effect 
of  the  long  lead-in  chamber  lines  on  the  operation  of  the  transducers  was 
determined  in  order  to  minimize  the  effect  on  the  transducer  response, 

4.4  «  Receiver_Amglifi^ 

The  receiver  amplifier  (Fig.  4«2)  amplifies  and  converts  the  balanced 
output  of  the  TR<.2l  receiver  to  a  single-ended  output  for  monitoring 
purposes.  The  TR-21  receiver  output  was  balanced  in  order  to  reduce  stray 
electrostatic  pick-up  while  operating  in  the  vicinity  of  the  TR-21  trans¬ 
mitter. 
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RECEIVER  At-IPLIFIER 


RefefTing  to  Fig.  4-2,  one  side  of  the  balanced  signal  is  fed  into  a 
phase  invefter,  V-1;  the  two  balanced  signals  are  then  added  b/  differen¬ 
tial  afliplifiers  Gonsisting  of  v-2  ^d  V-3.  The  output  of  the  differential 
amplifier  is  then  amplified  by  the  triode  V-4  where  the  sipal  is  detected. 
The  inductance  L  electrically  tunes  the  receiver<»transducer  in  order  to 
obtain  a  broader  frequency  bandwidth. 

5,  Characte  ri s t  j  cs 

The  dynamic  characteristics  of  the  prototype  'flight  unit  were  detetr- 
mined  by  laboratory  and  environmental  tests  (conducted  in  a  climate  cham¬ 
ber  available  at  Schellenger  Research  Laboratories).  The  various  tests 
included: 

(a)  Variation  of  the  acoustic  antiresonant  frequency  with  respect 
to  air  temperature  or  speed  of  sbund. 

(b)  sound  pressure  variation  with  respect  to  altitude. 

(c)  measurement  of  the  Q  of  the  acbustie  standing  waves. 

(d)  thermal,  wind,  imd  density  effects  on  the  accuracy  and  operation 
of  the  acoustic  interferometer. 

The  results  of  part  (d)  are  described  in  detail  in  Sec  Iil-1Q»  A  description 
of  the  test  procedure  is  given  in  part  7  of  this  report. 

5.1  «  Temperature  Measurement 

Various  tests  were  perforied  in  the  climate  chamber  in  order  to  deter¬ 
mine  the  variation  of  the  acoustic  antiresonant  frequency  with  respect  to 
altitude.  Figure  5-1  shows  the  theoretical  and  expected  variation  of  the 
acoustic  antiresonant  frequency  (corresponding  to  the  maximum  amplitude  of 
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FREQUENCY  VS  TEMPERATURE 


TEMPERATU^  IN  DEGREES  CENTRIGRADE 


of  the  feeeiver  sound  pi'essure)  plotted  as  a  fuuiction  Of  air  temperature c 
For  this  case,  the  atmospherec  pressure  was  held  constant  and  the  air 
temperature  was  varied,  ‘niermal  effects  were  eliminated  by  keeping  the 
transducer  faGes  in  equilibrium  with  the  temperature. 

Hie  discrepancy  between  the  theoretical  and  actual  frequency  variation 
with  respect  to  the  air  temperature  was  found  to  be  related  to  the  con^ 
traction  of  the  transducer  mounting  holding  the  transducers. 


5.2  «  Sound  Pressure 

2 

Intense  sound  pressures  of  the  order  of  3000  dynes/cm  (100  mw/ 
input  power,  room  pressure)  were  generated  at  the  receiver^ transducer 
when  the  acoustic  antiresonant  frequency  was  within  the  mechanical  band^ 
width  of  the  transducers.  However,  with  proper  tuning  of  the  transmitter 
and  receiver  transducers,  an  operating  frequency  range  of  only  1500  cps, 
about  the  mechanical  resonance  of  the  transducers,  was  obtained  (Fig.  5>3). 
Since  a  wider  operating  frequency  range  Was  desirable  (6000  cps)  in  order 
to  cover  the  extreme  variation  of  air  temperature  with  respect  to  altitude, 
it  was  decided  to  operate  above  the  mechanical  resonant  frequency  of  the 
transducers . 

Figure  5^2  shows  the  receiver  sound  pressure  plotted  as  a  function 

of  the  acoustic  antiresonant  frequency  (room  pressure  temperature).  The 

receiver«transmitter  spacing  was  adjusted  so  that  the  receiver^transmitter 

spacing  corresponded  to  3/2  wavelengths  at  each  frequency.  Presently,  the 

frequency  range  of  25  KC  to  31  KC  is  used  since  a  nearly  constant  sound 

2 

pressure  of  400  dynes/cm  is  obtained  (room  pressure)  at  the  frequency 
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Receiver  $6uii4  Pressure 
vs 

^tiie£ona^^__Freg|wncy 


21  23  25  27  29  31 

Frequency  (Kilocycles/sec) 


Fig.  5*2 
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where  the  receiver^tfahsinitter  spacing  corresponds  to  3/2  wavelengths . 

llie  sound  pressure  decreases  with  altitude  as  shown  experimentally 
in  Fig,  3-l_, sec.  III-IO.  This  reduction  in  sound  pressure  is  primarily 
due  to  the  fact  that  it  is  proportional  to  the  air  density  and  the  Q  of 
the  acoustic  standing  wave  (Sec  11-6,  Pt.  5.4), 

Sc. 3  ACou|tiC|J^ 

rne  accuracy  of  the  speed  of  sound  measurement  is  dependent  on  the 
ffiapitude  of  the  Q  of  the  acoustic  Standing  wave  since  the  frequency 
corresponding  to  the  maximum  receiver  output  has  to  be  determined.  The 
acoustical  Q  is  a  function  of  the  acoustic  losses  in  the  receiver- 
transmitter  air  region,  the  transducer  geometry,  and  the  transducer 
face  rigidity  (Sec  11-6,  pt.  4,9), 

Figure  $-3  Shows  the  relative  receiver  output  (room  pressure  and 
temperature)  plotted  as  a  function  of  frequency  for  the  case  when  an 
acoustic  standing  wave  is  generated  between  the  TR-21  sound  transducers. 
The  dashed  line  corresponds  to  the  combined  electrical  and  mechanical 
frequency  response  of  the  receiver  and  transmitter.  The  receiver- 
transmitter  spacing  was  adjusted  at  3/2  wavelengths  corresponding  to 
23,25,  24  and  24.75  kilocycles.  At  the  various  frequencies  where  the 
receiver- transmitter  separation  corresponded  to  3/2  wavelengths,  the 
receiver  sound  pressure  and  the  receiver  output  were  maximum.  The 
acoustical  Q  ranged  from  approximately  77  to  135.  For  this  case,  the 
acoustical  Q  was  primarily  a  function  of  the  transducer  geometry  and 
rigidity  since  other  acoustical  losses  were  small.  At  high  altitudes 
the  acoustical  Q  reduces  due  to  sound  absorption  resulting  mainly  from 
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viscosity  effects  (Sec  11*6^  pt.  4.9;  and  sec  111-10*  pt.  3.2). 

5,4  Aecufaey 

As  was  indicated  previously  in  section  1-5  and  11-6*  the  accuracy 
of  the  speed  of  sound  measurements  is  primarily  determined  by  the  temp¬ 
erature  difference  or  lag  between  the  air  and  the  transducer  faces.  If 
Such  a  temperature  difference  exists*  the  stagnant  layer  of  air  adjacent 
to  the  transducers  (caused  by  the  effect  of  air  viscosity)  tends  to  be 
heated  or  cooled.  As  a  result*  the  speed  of  sound  measurements  will  be 
in  error. 


Simulated  balloon  flights  of  Sonotherm  flight  unit*  performed  in  the 
climate  chamber*  (Sec  llI-lO*  pt.  4)  indicated  that  the  above  thermal 
effect  could  result  in  errors  up  to  5°C  in  the  determination  of  the  air 
temperature.  However*  proper  corrections  are  possible  if  the  temperature 
of  the  transducer  faces  are  known  (Sec  11-6*  pt.  3.4). 

At  altitudes  of  over  150,000  feet*  another  source  of  error  is  related  to 


the  dispersion  of  sound  due  primarily  to  viscous  effects  on  the  propa¬ 
gation  of  sound  (Sec  1-2) . 


5.5 


The  results  from  the  environmental  tests  indicate  that  speed  of  sound 
measurements  are  possible  up  at  least  150,000  feet.  The  maximum  operating 
altitude  is  determined  by  the  receiver  sensitivity*  the  decrease  in  the 


acoustical  Q  due  to  sound  absorption*  the  reduction  of  sound  pressure  with 
air  density  and  acoustical  Q*  and  by  the  desired  accuracy  of  the  speed  of 
sound  measurement  (See  Sec  II-6*  pt.  5.7). 
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6i  Testing  Program 

The  Sonotherm  flight  unit  was  tested  in  the  climnte  chainber  under 
the  various  environmentai  conditions  expected  in  the  upper  atmosphere. 
Various  environmental  tests  were  conducted  where  the  sound  transducers 
were  subjected  to  the  varying  environmental  conditions  as  would  be  en¬ 
countered  by  the  flight  unit  when  ascending  to  the  upper  atmosphere  on 
a  balloon,  llie  experimental  results  are  summarized  in  Section  II 1-10. 

0. 1  Testing  Pjfgcedure 

A  block  diagram  of  the  testing  apparatus  is  shown  in  Fig.  6-1.  Only 
the  sound  transducers,  on  an  adjustable  rack  were  placed  inside  the  en¬ 
vironmental  chamber.  This  was  necessary  since  it  was  desirable 
to  subject  the  sound  transducers  to  known  conditions  in  order  to  deter¬ 
mine  their  characteristics  without  the  influence  of  circuitry  performance 
resulting  from  environmental  changes. 

After  the  initial  spacing  of  the  transducers  was  set,  the  chamber 
sealed,  and  the  desired  environmental  conditions  attained,  the  output 
of  the  flight  unit  receiver  was  observed  on  channel  A  of  an  oscilloscope 
which  was  synchronized  by  the  repetition  rate  signal  supplied  by  the 
flight  unit  circuitry.  The  signal  from  the  sweep  generator  was  applied 
to  the  transducer  driver  and  to  a  simulator  whose  output  was  observed  on 
channel  b  of  the  oscilloscope.  The  simulator  is  a  high  Q  variable  band¬ 
pass  anplifier  and  provides  an  adjustable  narrow  bandpass  at  a  selected 
frequency  within  the  operating  frequency  range  of  the  Sonotherm  device. 
The  center  frequency  of  the  simulator  was  then  adjusted  until  the  simu¬ 
lator's  maxiimnn  output  coincided  with  the  acoustic  peak  signal.  Ilie 
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Experimental  Spnotherm  Flight  Unit 
and 

Associated  Test  Equipment 


input  to  the  simulator  was  then  switched  over  to  the  standard  oscillator 
signal.  The  frequency  of  the  oscillator  was  adjusted  for  a  maximum  output 
of  the  simulator  and  the  frequency  read  directly  by  a  frequency  countero 
In  this  manner,  the  frequency  corresponding  to  the  maximum  of  the  re¬ 
ceive  r^transducer  Output  was  determined.  The  accuracy  of  the  above  method 
of  reading  the  frequency  of  the  acoustic  peak  signal  was  within  the  ac¬ 
curacy  of  the  thermocouple  temperature  readings ^ 

The  complete  test  fli^t  t^it  was  consolidated  on  a  mobile  rack  along 
with  its  associated  test  equipment  and  power  supplies  (Fig. 

7,  Conclusion 

The  experimental  results  ob<tained  with  the  experimental  Sonotherm  flight 
unit,  together  with  theoretical  evidence,  indicates  that  speed  of  sound 
and  other  acoustic  measurements  by  such  a  device  can  be  accomplished  in 
the  upper  atmosphere  up  to  altitudes  of  at  least  150,000  feet«  The  pre¬ 
sent  system  can  be  improved  by  utilizing  sound  transducers  with  a  wider 
frequency  bandwidth,  reducing  the  heat  capacity  of  the  transducers  in 
order  to  reduce  the  error  due  to  thermal  lag  of  the  transducer  faces  with 
respect  to  the  air  temperature  (sec  III- 10,  pt.  4),  and  improving  the 
transducer  mounting  In  order  to  eliminate  errors  due  to  thermal  con¬ 
traction. 

Since  close  spacing  between  compact  sound  transducers  and  single « 
non-critical  circuitry  can  be  utilized,  a  light,  compact,  acoustic 
package  can  result  for  balloon-borne  or  focketsonde  applications. 
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1.  Iritfoductiori 


The  design  and  development  of  the  Sonotherm  DeteGtion  system 
(See  n-6)  is  summarized.  Various  teehniques,  under  developnient,  are 
disGussed  whiGh  correlate  the  antiresonant  frequenGy  Gorresponding  to 
the  maximum  of  the  Sonotherm  signal  telemetered  from  the  flight  unit. 
Onee  this  frequeney  is  measured,  information  regarding  the  air  tempef 
ature  ean  be  determined. 

1.  1  Problem  Defined 

The  telemetered  signal  from  the  Sonotherm  flight  unit  (Fig.  1^1) 
consists  of  a  frequenGy‘amplitude  modulated  waveform 


es&QNP 


Figure  1-1 


which  repeats  with  respect  to  time.  During  each  sample  or  sweep 
(represented  by  a  single  envelope),  the  frequency  is  varied  in  a  linear 


manner  between  two  frequency  limits. 

At  the  antiresonant  frequency,  lying  between  the  two  frequeney 
limits,  the  amplitude  of  the  envelope  is  maximum.  In  the  present  expert 
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imental  model,  the  frequenGy  is  varied  between  26  to  31  Kc,  and  the 
sampling  rate  is  approximately  5  .grS‘  (Sec  11 ‘^7), 

The  primary  objeetive  of  the  Detection  System  is  to  determine 
the  frequency  corresponding  to  maximums  of  the  Sonotherm  signal. 

1.  2  Detection  Systenis 

There  are  several  methods  for  determining  the  antiresonant 
frequency  of  the  Sonotherm  signal.  The  simplest  is  a  visual  technique 
(see  Fig.  1^2)  which  utilizes  a  CRT  to  determine  the  antiresonant  fre^ 
queney. 


Figure  1*2 

The  Sonotherm  signal  is  applied  to  a  peak  detector  circuit  whose 
output  is  a  pulse  which  occurs  at  the  maximum  amplitude  of  each  sweep 
signal,  and  to  a  frequency  discriminator  (isee  3  '  )i-  'Ehe  puliSefe  from 

the ipeaik  detector  circuit  are  applied  to  the  vertical  deflection  plates  of 
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the  CRT  and  the  voltage  output  of  the  disGriminator  is  applied  to  the 
hofizontai  defleGtion  plates.  Since  the  output  voltage  Of  the  dlSGriminator 
is  proportional  to  the  frequency  of  the  ineoming  signal,  the  horizontal 
deflection  of  the  trace  on  the  CRT  can  be  calibrated  with  respect  to 
frequency  of  the  incoming  signal.  The  antiresonant  frequency  is  deter¬ 
mined  by  measuring  the  horizontal  deflection  when  the  pulse  occurs. 

A  digital  readout  device  can  be  used  in  place  of  the  CRT  to  give  more 
precise  measurements. 

A  more  elaborate  system  is  shown  in  Figure  1-3.  In  this  system 
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Figure  1-3 
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the  output  signal  from  the  Sonotherm  element  is  again  applied  to  a  peak 
detecting  circuit  and  a  frequency  discriminator.  The  outputs  of  the  dis¬ 
criminator  and  peak  detector  are  applied  to  a  gate  circuit,  where  each 
pulse  from  the  peak  detector  triggers  a  square  gate  signal  whose  volt¬ 
age  is  determined  by  the  discriminator  output  voltage  at  the  time  of  the 
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triggering  pulse  (henee  the  voltage  of  the  gate  Gireuit  output  for  eaeh  sweep 
signal  is  proportional  to  the  antirosonant  frequenGy).  The  voltage  of  the 
gate  Gontrols  the  frequeney  of  an  oseillator.  The  output  of  the  osGillator  is 
applied  to  a  Gounter,  and  the  pulse  from  the  peak  deteetor  is  used  to  trigger 
the  Gounter  for  eaoh  sweep  signal.  The  oseillator  frequency  is  printed  by 
a  digital  print -out  machine  and  can  be  related  to  the  antiresonant  frequency 
of  the  Sonotherm  signal. 

The  aforementioned  methods  are  just  two  of  many  conceivable  schemes 
for  detecting  antiresonant  frequencies.  In  nearly  all  resonant  frequency 
detection  schemes  the  peak  detector  plays  a  very  important  part;  it  was 
for  this  reason  the  development  of  a  peak  detector  circuit  was  emphasized. 

1.  3  Sonotherm  Simulator 

In  order  to  facilitate  experimentation,  a  device  was  developed  to  simulate 
the  Sonotherm  signal.  The  simulator  (Fig.  1^3a)  utilizes  a  simple  transistor 
circuit  to  produce  the  required  waveform  (see  Fig.  1-1).  A  30  Kc  sine  wave 
with  a  battery  bias  control  between  the  collector  and  base  is  used  to  generate 
an  envelcpe  :similar  in  shape  to  the  Sonotherm  signal.  The  10  cps  sine  wave 
controls  the  bias  on  the  base  and  hence  the  30  Kc  current  through  the  transis¬ 
tor  and  the  ac  voltage  on  the  load  resistor.  The  output,  taken  from  the 
emmiter,  is  base  limited  at  plus  one  and  a  half  volts  by  a  biased  IN2070 
diode  and  is  then  applied  to  a  pentode  amplifier.  The  output  from  the  pentode 
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Fig.  l-3a  Sonolherm  Element  Simulator 


amplifier  is  then  fed  to  a  cathode  follower  from  which  the  final  output  i  s 
taken.  The  output  appeared  (on  an  oscilloscope)  as  a  straight  line  with 
positive  sinusoidal  envelopes  of  30  Kc  repeating  every  l/lO  of  a  second. 
The  maximum  output  signal  amplitude  of  the  simulator  was  80  volts  peak, 
and  the  envelope  width  was  controllable  by  adjusting  the  input  signals. 

The  main  differences  between  the  Sonotherm  signal  and  the  simula  = 
tor  Output  are  as  follows:  (1)  the  output  of  the  Sonotherm  element  varies 
in  frequency  from  approximately  26Kc  to  3lKc  during  each  sweep,  while 
the  frequency  of  the  simulator  remains  at  a  constant  30Kc  frequency, 

(2)  whereas  the  output  of  the  Sonotherm  element  appears  as  a  straight 
line  with  repeating  envelopes  of  equally  positive  and  negative  high 
frequency  signal,  the  output  of  the  simulator  consists  of  the  positive 
portions  of  the  sinusoidal  envelopes  and  therefore  approximates  the 
Sonotherm  signal  when  rectified,  (3)  the  period  of  the  simulator  out'*- 
put  is  1/10  sec  while  that  of  the  Sonotherm  element  output  is  1/5 
second.  Th®se  differences  did  not  affect  the  usefulness  of  the  Simula^ 
tor  since  it  is  primarily  used  in  the  development  of  the  peak  detectors. 

It  was  found  that  the  amplitude  of  the  output  of  the  simulator 
varied  slightly  from  signal  to  signal;  however,  this  variation  was  less 
than  that  found  in  the  Sonotherm  signal  itself.  The  simulator  proved 
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quite  useful  and  met  all  of  its  objectives. 

2.  Peak  Detectors 

All  of  the  proposed  detection  systems  require  a  pulse  correspond^ 
ing  to  the  peak  of  the  Sonotherm  sweep  signals.  For  this  reason,  the 
development  of  a  peak  detector  was  emphasized.  The  main  requirements 
imposed  on  the  peak  detection  device  were:  (1)  It  must  detect  the  maximum 
of  the  Sonotherm  sweep  signals  to  at  least  within  about  BO  jisec  or  2  cycles 
of  the  true  peak;  (2)  has  to  be  unaffected  by  variations  in  input  signal 
strength.  With  this  accuracy  the  virtual  temperature  can  be  determined 
within  0.  1®C  (see  Sec  11^6).  The  various  types  of  peak  detectors  devel^ 
oped  are  discussed  below. 

2.  1  The  Differentiator  Peak  Detector 

This  device  generates  a  pulse  corresponding' to  the  maximum 
of  the  Sonotherm  sweep  signal.  The  envelope  Of  the  Sonotherm  signal 
is  differentiated,  and  the  zero  crossover  point  (zero  slope)  of  the  dif-^ 
ferentiated  wave  form  is  detected  since  it  corresponds  to  the  maximum 
point  (peak)  of  the  envelope. 

The  circuit  for  this  device  is  shown  in  Figure  2’'!  and  its  block 
diagram  is  shown  in  Figure  2-2.  Referring  to  Figure  2^2,  the  Sono¬ 
therm  sweep  signal  is^a^pliad  to  a  low  pass  filter  network  in  order  to 
obtain  the  envelope  of  the  incoming  signal.  The  envelope  is  then  am¬ 
plified  (first  amplifier)  and  then  limited  by  a  Zener  diode  (first  base 
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Figure  2-2 

Peak  Detector  Block  Diagram 

limiter)  leaving  only  the  upper  portion  of  the  wave.  This  signal  is 
then  fed  to  an  electronic  differentiator  (first  differentiator)  whose 
output  can  be  seen  in  the  figure.  The  output  of  the  differentiator  was 
then  applied  to  a  second  amplifier  and  is  then  rectified  by  a  IN2070 
diode.  The  positive  output  from  the  diode  is  fed  to  a  pentode  and 
triode  amplifiers  (third  amplifier)  which  greatly  amplifies  the  signal). 
In  fact,  since  the  input  signal  to  the  pentode  was  of  such  a  large  mag^- 
nitude,  the  output  appears  as  a  square  wave,  limited  at  top  and  bot' 
tom.  The  output  from  the  last  triode  amplifier  is  then  differentiated 
(second  differentiator).  The  center  pulse  of  the  output  corresponds 
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in  time  to  the  peak  of  the  inGoming  sweep  signal. 

Various  problems  were  enGountered  with  this  deviee.  For  one 
thing,  it  was  very  hard  to  keep  track  of  the  all-important  zero  level 
of  the  differentiated  signal.  It  was  also  found  that  the  ineoming  Sweep 
signals  had  to  be  base  limited  very  close  to  their  peaks  in  order  to 
have  a  sharp  output  pulse.  However,  since  the  amplitude  of  the  Sono- 
therm  signal  varied  and  the  limiting  levels  were  constant,  it  was  dif¬ 
ficult  to  obtain  reliable  results. 

It  was  decided  that  some  sort  of  automatic  amplitude  control 
would  have  to  be  developed  in  order  to  minimize  the  signal's  ampli- 
tudewaciations:  before  this  circuit  would  be  successful. 

2.  2  Expander  P eak  Detectpr 

The  purpose  of  this  device  was  to  exaggerate  the  peak  of  the 
incoming  signal  so  as  to  detect  it  more  easily.  The  heart  of  the 
device  is  a  variable  amplification  factor  pentode;  the  amplification 
factor  is  controlled  by  the  grid  bias,  and  hence  controlled  by  the 
instantaneous  voltage  of  the  incoming  signal.  As  the  signal  goes 
more  and  more  positive,  the  gain  increased  and  hence  the  peak  of 
the  input  signal  is  amplified  more  than  the  lower  portion. 

The  circuit  (Fig.  2-3)  employs  a  6BA6  variable  n  tube  which 
is  operated  with  a  300  volt  B+  supply  through  a  33K  load  resistor. 

The  screen  voltage  is  controlled  by  a  Zener  diode  at  110  volts.  The 
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Fig.  2-3  Expandier  Peak  Detector 


ffid  is  negatively  biased  at  a  voltage  whose  magnitude  is  Slightly 
greater  than  that  of  the  inGoming  positive  signal.  As  a  result,  the 
tube  is  at  cutoff  until  the  signal  is  applied.  The  most  positive  portion 
of  the  signal  is  amplified  non  ^linearly  producing  much  sharper  peaks 
than  those  of  the  input.  The  output  signal  is  then  amplified  by  a 
12AU7  triode.  The  circuitry  was  constructed  in  module  form  and 
four  stages  of  expanders  were  used. 

The  expander  performed  very  well.  By  cascading  3  stages, 
a  signal  with  a  base  width  of  20  ms  and  a  width  of  12.  5  ms  at  the  75% 
mark  was  reduced  to  a  signal  with  a  base  width  of  3  ms  and  a  width 
Of  approximately  0.  3  ms  at  the  75%  mark.  (See  Fig.  2^4).  However, 
it  was  found  that  adding  a  fourth  stage  was  of  little  value.  The  small 
variations  in  the  input  from  the  Sonotherm  signal  or  simulator  are 
greatly  amplified  that  after  three  stages  the  signal  amplitude  varied 
considerably.  When  this  signal  was  fed  to  a  fourth  stage  the  bias  level 
could  not  be  adjusted  to  obtain  a  steady  signal  output.  Only  when  the 
input  to  the  fourth  stage  happened  to  fall  within  a  certain  range  (deter¬ 
mined  by  the  bias)  was  there  any  output.  Since  the  output  from  only 
three  stages  of  expansion  was  not  yet  narrow  enough  for  accurate 
detection  it  was  decided  that  work  on  the  expander  should  be  discon¬ 
tinued  until  some  sort  of  automatic  amplitude  control  could  be  developed 
so  that  more  stages  could  be  added  to  the  expander. 
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Figure  2-4 

Cascaded  Expander  Peak  Detectors 
2.  3  Staircase  Peak  Detector 

This  device  was  designed  to  be  used  in  conjunction  with  a 
differentiator  to  detect  the  maximum  of  the  Sonotherm  signal  (Fig. 

2-5a).  As  the  individual  cycles  of  the  Sonotherm  signal  are  applied 
to  the  staircase  detector,  its  output  follows  each  cycle  to  its  peak 
and  then  remains  at  that  level  until  an  input  cycle  of  higher  magnitude 
increases  the  output  voltage  (Fig,  2 -5b).  After  the  highest  input  eycle 
is  applied,  no  other  cycles  are  high  enough  to  affect  the  output  so  it 
remains  at  the  de  level  of  the  peak  cycle  of  the  input  signal.  The  output 
signal  can  then  feed  to  a  differentiator  which  results  in  a  pulse  for  every 
rise  in  dc  level  of  the  input  (Fig.  2 -5c),  The  last  such  pulse  for  each 
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sweep  signal  cor  responds  to  the  peak  of  the  Sonotherfn  sweep  signal. 
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Figure  2-5 

Effect  of  Staircase  Peak  Detector 
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The  circuitry  of  the  staircase  detector  is  shown  in  Figure  2-6. 

The  signal  from  the  Sonotherm  is  applied  through  an  input  cathode  follower 
to  the  diode  D  in  series  with  the  grounded  capacitor  C.  The  voltage  across 
the  eapacitor  C  is  applied  to  the  floating  grid  of  the  output  cathode  follower. 
When  a  cycle  of  the  input  signal  (Fig.  2 -5a)  is  positive,  the  diode  is  for^ 
ward  biased  resulting  in  the  fast  charging  (5  nsec)  of  the  capacitor  C  through 
the  equivalent  resistance  of  the  diode  and  input  cathode  follower.  Con¬ 
sequently,  the  capacitor  C  charges  up  to  peak  voltage  of  the  input  cycle. 

When  the  input  cycle  voltage  decreases  from  its  peak  value,  the  diode  is 
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Staircase  Peak  Detector 


back  biased,  arid  the  discharginf  time  of  the  GapaGitof  is  muGh  larger 
(1-10  seG)  sitiGe  it  has  to  disoharge  through  the  large  grid  impedahee  of 
the  output  Gathode  follower.  As  a  result,  the  voltage  aeross  the  eapaGitof 
and  the  output  Gathode  follower  remains  essentially  eonstant.  If  the  next 
input  eyele  is  of  a  greater  magnitude,  the  diode  is  forward  biased  only 
during  the  time  interval  when  the  input  eyele  voltage  is  of  a  higher  mag- 
nitude  than  the  voltage  across  the  capacitor.  The  capacitor  then  charges 
Up  to  the  peak  voltage  of  this  input  cycle. 

In  the  above  manner,  the  voltage  across  the  capacitor  and  of 
the  output  cathode  follower  increases  or  "steps"  to  the  voltage  cor¬ 
responding  to  the  peak  of  the  Sonotberm  sweep  signal  (Fig.  2- 5b). 

The  cycles  that  follow  after  the  peak  of  the  Sonotherm  sweep  signal 
are  of  a  lower  magnitude,  and  consequently,  the  output  voltage  remains 
constant  since  the  diode  is  in  a  back  biased  condition;  If  this  output  is 
differentiated  (Fig.  2 -'Sc),  the  last  pulse  will  correspond  to  the  peak 
of  thei Sonotherm  signal. 

The  staircase  detector  was  found  to  be  very  promising  since 
it  is  independent  of  amplitude  variations  of  the  Sonotherm  signal.  Its 
main  disadvantage  was  that  the  magnitude  of  the  differentiated  pulses 
(Fig.  2” 5c)  near  the  peak  of  the  Sonotherm  signal  were  of  such  small 
maghitucLE  that  it  was  a  major  problem  to  detect  the  last  pulse  unless 
the  output  signal  was  amplified  excessively.  However,  this  disad- 


vantage  is  eliminated  when  the  stairGase  deteGtor  is  used  in  eonjune^ 
tion  with  several  proposed  types  of  peaking  cirGUits  diseussed  in  See^ 
tion  2-6. 

2.  4  Base  Limiting  Peak  Deteetor 

The  purpose  of  this  deviee  was  to  isolate  the  extreme  top 
portion  of  eaoh  incoming  sweep  signal  from  the  Sonotherm  element. 

This  was  aGGomplished  by  base  limiting  each  sweep  signal  (Fig.  2‘‘'Za) 
at  a  level  very  near  to  its  peak  positive  voltage,  leaving  only  the  top 
1  or  2%  of  the  sweep  signal  (Fig.  3*7b).  The  level  at  which  each  sweep 
signal  is  base  limited  is  determined  and  set  by  the  peak  voltage  ampli-*' 
tilde  of  the  output  of  the  peaker  from  the  preeeeding  sweep  signal. 
Beeause  the  base  limiting  level  was  dependent  on  the  magnitude  of 
the  input  signal,  this  peaker  operated  over  a  wide  range  of  input  signal 
amplitudes. 

The  circuitry  of  this  peaker  (see  Fig.  2<-7)  can  be  divided  into 
3  main  sections: 

1.  LIMITER  -AMPLIFIER  SECTION:  This  section  consists 

of  the  triode  limiter  T^  and  the  output  amplifier  Tg.  The  triode  limiter 
is  normally  biased  to  cutoff  by  its  cathode  voltage  which  determines  the 
limiting  level. 

2,  AUTOMATIC  FEEDBACK  LEVEL  SECTION:  This  portion 
of  the  circuit  samples  the  peak  output  voltage  of  the  peaker  in  order 
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Fig.  2-8  Base  Limiting  Peak  Detector 


to  set  the  limiting  level  of  the  triode  amplifier.  The  Gircuitry  includes 
a  12AU7  cathode  follower  {T4)  a  diode  “capacitor  circuit;  (D,  C  where 
the  capacitor  charges  to  a  feedback  voltage  proportional  to  the  peak 
of  the  Output  signal,  and  a  filter  circuit  (R^,  Cg)  to  delay  the  feedback 
voltage  until  the  sweep  signal  has  passed  through  the  triode  limiter. 

3.  INPUT  LIMITING  LEVEL  CONTROL;  This  section  consists 
of  a  Cathode  follower  (T3)  whose  cathode  is  connected  in  common  to  that 
of  the  triode  limiter,  T^.  The  automatic  feedback  level  (dc)  voltage 
is  applied  to  the  grid  Tg  and  determines  the  limiting  level  of  the  triode 
amplifier^  Each  sweep  signal  is  used  to  set  the  limiting  level  of  the 
triode  "limiter  T^  for  the  next  signal. 

In  order  to  explain  the  operation  of  the  peaker,  assume  that 
there  is  no  variation  in  peak  voltage  from  sweep  signal  to  sweep  signal. 
When  the  first  sweep  signal  is  applied,  it  is  base  limited  and  amplified 
by  the  triode  amplifier  T^.  If  there  is  no  automatic  limiting  level  control 
voltage  (there  is  none  since  this  is  the  first  signal  and  feedback  is  delayed 
until  the  signal  has  passed),  the  voltage  (with  respect  to  ground)  at  which 
the  limiting  action  occurs  can  be  represented  by  a  constant  value  K.  Un* 
til  the  incoming  signal  reaches  this  level,  no  output  will  be  seen  on  the 
plate  of  the  first  amplifier.  Hence,  if  we  represent  the  voltage  of  the 
peak  of  the  incoming  signal  by  $  and  the  limiting  voltage  by  K,  the  peak 
output  voltage  of  Tj  will  be  'Gj^(S"K)  where  G^is  its  effective  gain.  This 
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signal  is  then  fed  to  an  ordinary  triode  amplifier  T  with  a  gain  G^. 

2  ^ 

The  peak  voltage  of  its  output,  whieh  is  the  final  output,  for  the  first 


signal  will  be  -02^ 


-K  )  The  final  output  signal  (positive)  is  then 


fed  to  the  cathode  follower  T^  and  charges  the  capacitor  C  through 
the  equivalent  forward  resistance  of  the  diode  and  the  cathode  fol¬ 
lower  T^4  The  capacitor  charges  up  to  the  peak  voltage  of  the  sweep 
signal  and  remains  at  approximately  this  value  since  the  diode  will  be 
back-biased  when  the  amplitude  of  the  sweep  signal  decreases.  The 
RC  Circuitry  (R  ,C.,)  will  delay  this  rise  in  voltage  so  that  it  will 
not  be  fed  back  to  the  grid  of  T  immediately.  The  feedback  dc  volt- 

U 

age  will  soon  appear  on  the  grid  causing  the  voltage  of  its  cathode  to 
rise.  This  will  raise  the  base  limiting  level  of  the  iriode^limiter  to 
a  value  (K  >+  Fj^)  where  K  is  the  original  level  set  by  the  cathode  re^ 
sistor  and  is  the  increase  in  this  level  due  to  the  feedback  from  the 
first  signal  output.  Hence,  Fj^  can  be  said  to  .equal  Gp  x  where 
®out  output  peak  voltage  of  T2und  Gp.  is  the  gain  of  the  auto¬ 

matic  feedback  level  circuitry.  When  the  next  sweep  signal  is  applied 
it  is  limited  at  a  voltage  K  +  Gp  x  and  hence  the  peak  voltage  out¬ 
put  for  the  second  signal  is  much  smaller  than  for  the  first,  (In  fact, 
if  G„,  which  is  controlled  by  R„,  is  made  larger,  the  cathode  voltage 
of  T 1  may  be  so  high  that  the  following  signals  will  not  get  through  at 
all  until  the  automatic  level  control  voltage  on  capacitor  decays). 
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This  causes  a  decrease  in  the  feedback  limiting  level  since  the  peaker's 
peak  output  voltage  is  smaller,  and  the  next  incoming  signal  will  be  base 
limited  at  a  lower  level  resulting  in  an  increased  output.  The  process 
will  continue  until  the  peak  voltages  of  the  output  signals  become  constant 
At  this  point,  the  voltages  will  be  related  by  the  following  equations: 

Bout  =  [s-<K  +  fiout^p)]  Oa 


where 

S 


K 


=  peak  voltage  of  output  signal 

=  peak  voltage  of  the  input  signal 

=  the  grid  cutoff  clamping  level  for  0  feedback 

=  the  gain  of  the  automatic  feedback  level  circuitry 

=  the  gain  of  the  first  signal  amplifiers  T  and  T,.. 

1  ^ 


Solving  for 


E 


out 


G^(S  -  K) 
A  F 


If  O  is  kept  constant  and  the  output  is  decreased,  the  input  signal  is 
limited  closer  to  the  peak.  This  can  be  accomplished  by  increasing 
the  values  of  K,  G  or  decreasing  the  magnitude  of  the  input  signal. 
(However,  K  cannot  become  greater  than  S  or  there  will  be  no  output). 
It  was  found  that  it  was  practical  to  control  the  base  clipping  level  by 
varying  the  potentiometer  Rj  so  as  to  vary  the  magnitude  of  G  .  In 
this  manner,  it  was  possible  to  control  the  limiting  level  signal  input. 
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The  peaker  pefformed  very  well.  The  main  disadvantage 
was  that  the  peaker  could  not  handle  large  variations  in  amplitude  from 
one  sweep  signal  to  the  next.  However,  it  was  'concluded  that  this  peaker 
would  be  reliable  if  the  feedback  circuit  controlling  the  base  limiting 
level  was  modified  in  such  a  manner  that  the  limiting  level  would  be 
determined  by  the  proceeding  cycle  within  the  same  sweep  signal. 

Evaluatioh 

The  various  peak  detectors  discussed  previously  were  capable 
of  meeting  the  requirement  of  generating  a  sharp  pulse  at  the  maximum 
Of  the  Sonotherm  signal.  Except  for  the  staircase  case,  their  main 
disadvantage  was  their  sensitivity  to  amplitude  variations  of  the  Sono¬ 
therm  Signal.  An  automatic  gain  control  could  solve  the  above  difficulty. 
However,  as  discussed  in  the  next  section,  various  other  peak  detectors 
have  been  proposed  which  not  only  are  insensitive  to  amplitude  variations 
of  the  Sonotherm  signal,  but  also  have  promise  of  being  much  more  ac¬ 
curate  in  detecting  the  maximums  of  the  Sonotherm  signal. 

2.  6  Proposed  Peak  Detectors 

A  number  of  peak  detectors,  discussed  below,  show  promise  of 
not  only  being  insensitive  to  amplitude  variations  of  the  Sonotherm  signal, 
but  also  capable  of  detecting  the  signal  maximums  to  a  great  degree  of 
accuracy. 

2.  61  Constant  Level  Peak  Detector 
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This  device  utilizes  a  time  delay  system  to,  in  effect, 
determine  amplitude  of  the  peak  of  each  incoming  sweep  signal  be« 
fore  it  arrives.  Then  the  sweep  signal  is  base  limited  at  a  level 
relative  to  the  peak,  hence  the  oujiput  is  the  peak  portion  of  the  in* 
Coming  signal  and  is  independent  of  signal  amplitude  variations » 


Figure  2-9 

The  Constant  Level  Peak  Detector 
A  block  diagram  (Fig.  2-9)  illustrates  how  this  method  might  be 
utilized.  The  sweep  signal  from  the  Sonotherm  element  is  fed  to  a  delay 
line  and  to  a  dc  level  setting  circuit.  In  the  level  setting  circuit  the  signal 
is  first  fed  to  the  staircase  peak  detector  (see  Sec.  2-3),  Connected  to 
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this  peak  detector  is  a  device  to  automatically  discharge  the  capacitor 
(see  Fig.  2^9)  after  each  sweep  signal  has  passed  through.  From  the 
staircase  peak  detector,  the  signal  is  fed  to  a  clamper.  Here  the 
signal  is  merely  displaced  downward  on  the  y^axis  a  distance  of 
K  volts.  The  purpose  of  this  device  is  to  create  a  differeace  between 
the  magnitude  of  the  dc  level  of  the  peak  detector  and  the  amplitude  of 
the  peak  of  the  delayed  sweep  signal.  If  the  difference  were  zero,  the 
output  of  the  differential  amplifier  would  be  zero  at  the  peak  of  the  de*^ 
layed  sweep  signal.  From  the  clamper  the  signal  goes  through  a  recti  = 
fier  to  bring  the  base  line  of  the  signal  back  to  zero  volts  so  that  the 
baseline  of  the  differential  amplifier  output  will  not  lie  on  the  same 
level  as  the  peak  of  the  delayed  sweep  signal. 

The  outputs  from  the  delay  device  and  the  dc  level  setting  cir^ 
cuit  are  fed  into  a  differential  amplifier.  The  output  voltage  of  the 
differential  amplifier  (Fig.  2-^9)  will  step  down  to  the  dc  level  setting 
device  voltage  and  then  peak  back  up  when  the  delayed  sweep  signal 
comes  through.  The  peak  of  the  delayed  sweep  signal  will  lie  above 
the  zero  volts  line  by  a  distance  (K)  (G)  volts  where  K  is  the  voltage 
displacement  in  the  clamper  and  G  is  the  gain  of  the  differential  ampli¬ 
fier,  The  output  of  the  differential  amplifier  is  then  rectified  leaving 
only  the  top  portion  of  the  sweep  signal.  The  main  advantage  of  this 
devicb  is  that  the  amplitude  of  the  output  signal  will  always  remain 
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constant  no  matter  what  the  signal  input  is  (unless  it  falls  below  K  volts). 

This  device  can  either  be  used  as  a  peaker,  in  which  case  K 
would  be  set  very  low,  or  as  an  automatic  level  control.  In  the  latter 
ease,  the  peak  detector's  output  would  be  sent  to  any  one  of  the  foregoing 
types  of  peakers,  which  would  then  work  quite  well  since  there  would  be 
no  variation  in  input  signal  amplitude. 

The  main  disadvantage  of  the  device  is  that  its  output  does  not 
correspond  in  time  to  the  peak  of  the  incoming  sweep  signal.  However, 
this  disadvantage  can  be  eliminated  by  applying  the  input  signal  to  a 
similar  delay  line, 

\ 

2.  62  Short  Delay  Peak  Detector 

This  type  of  peaker  would  be  somewhat  similar  to  the  previous 
peak  detector.  Its  objective  would  be  to  subtract  each  positive  cycle 
of  the  Sonotherm  signal  from  the  next  cycle. 


Figure  2-10 

Short  Delay  Peak  Detector 
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Referring  to  Fig.  2-10  the  sweep  signal  is  fed  through  a  delay 
deviee  (approxiniately  20  (isec)  to  the  staircase  peak  detector .  The  out¬ 
put  of  the  diode  stepper  is  then  fed  to  the  differential  aniplifier  along 
with  the  original  sweep  signal.  The  last  positive  cycle  corresponds 
to  the  peak  of  the  incorning  sweep  signal.  The  zero  crossover  point 
after  the  signal  output  is  filtered  corresponds  approximately  to  the 


2.  63  Alternator  Peak  Detector 
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Figure  2-11 

Alternator  Peak  Detector 

This  type  of  peaker  (Fig.  2-11)  is  quite  similar  to  the  short 
delay  peaker  except  that  instead  of  using  a  delay  device  to  delay  the 
signal  fed  to  the  staircase  peak  detector,  a  switching  circuit  is  used 
to  alternately  channel  the  individual  pulses  of  the  sweep  envelope  first 
to  one  channel  of  the  differential  amplifier,  then  to  the  staircase  peak 
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detector.  The  staircase  detector  output  is  confiected  to  the  other 
channel  of  the  differential  amplifier.  Mere  the  peak  voltage  of  each 
odd; pulse  is  subtracted  from  each  even  pulse.  Again,  the  last  positive 
pulse  corresponds  to  the  peak, 

2.  64  Full“Wave  Peak  Detector 


SONOTMI^ 


Figure  2-12 
Full  Wave  Peaker 

This  peaker  (Fig.  2^12)  is  similar  to  the  aforementioned 
peakers  (alternator,  short  delay)  except  that  the  full  sweep  signal 
(positive  and  negative)  is  used.  In  this  case,  the  signal  is  separated 
at  the  0  volts  line,  the  top  half  is  applied  to  the  differential  amplifier, 
the  bottom  half  to  the  staircase  peak  detector  and  then  through  an 
inverter  to  the  differential  amplifier.  This  circuit  then  subtracts  the 
voltage  of  each  negative  going  cycle  from  that  of  the  following  positive 
cycle. 
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3.  Discfiminator 

In  G^njunGtion  with  work  done  on  deteGtion,  experimentation 
was  done  with  a  diseriminator  cireuit  in  order  to  obtain  an  output  voltage 
proportional  to  the  frequenoy  of  the  Sonotherm  signal. 

The  Gircuit  for  the  diseriminator  is  shown  in  Fig.  3^1.  The 
frequenGy ^amplitude  modulated  signal  from  the  Sonotherm  element  is 
amplified  and  then  limited  by  the  action  of  a  dual  Zener  diode.  This 
signal  is  then  applied  to  a  cathode  ^coupled  gate  circuit  whose  output 
is  a  square  wave  signal  of  constant  amplitude  and  width  for  each  cycle 
of  the  input  signal.  This  constant  width^amplitude  square  wave  is 
then  integrated  by  a  low  pass  filter  where  output  voltage  i$  proportional 
to  frequency  of  the  Sonotherm  signal.  The  above  circuit  proved  to  be 
ideal  since  a  large  voltage  variation  with  respect  to  frequency  can  be 
obtained  at  the  relative  low  frequencies  of  the  Sonotherm  signal. 

4.  Conclusion 

The  techniques  of  correlating  the  frequency  to  the  maximum 
of  the  Sonotherm  signal  have  been  basically  determined.  Even  though 
further  research  and  development  is  necessary,  theoretical  and  pre¬ 
liminary  experimental  evidence  indicates  that  the  above  techniques 
will  be  reliable  and  capable  of  performing  the  desired  measurements 
to  the  degree  of  accuracy  required. 
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AN  ACOUSTIC  THERMOMETER  FOR  ENVIRONMNTAL  TlSTlNG 
1,  Introduction 

An  aeoustic  thermometer  was  discussed  in  a  Schellenger  Research  Labora^ 
tories  publication,  Response  Time  Of  and  Effects  of  Radiation  op  the  VECO 
Bead  Thermistpr,  April  7,  1961*  It  was  noted  in  this  report  that  thermo* 
couples  and  thermistors  placed  within  an  environmental  chamber  failed  to 
monitor  the  air  temperature  correctly,  the  failure  being  brought  about  by 
radiation  effects  from  the  walls  of  the  chamber.  TTie  acoustic  thermometer 
was  developed  in  an  attempt  to  make  air  temperature  determinations  within 
the  chamber  which  were  free  from  these  wall  radiation  effects.  The  acoustic 
thermometer  discussed  in  the  above  SRL  report  was  capable  of  measuring  the 
chamber  air  temperature  with  an  accuracy  of  +  S**C  over  a  temperature  range 
from  *90*C  to  ♦25*C  and  over  a  pressure  range  from  1  mm  Hg  to  670  nun  of  Hg, 

The  accuracy  of  not  better  than  ^  S*C  was  caused  by  the  uncertainty  in  the 
determination  of  the  elapsed  time  between  the  initiation  of  the  sound  pulse 
by  the  speaker  and  the  arrival  of  the  sound  pulse  at  the  receiving  microphone. 

To  improve  the  accuracy  of  the  thermometer,  electronic  circuitry  has  been 
introduced  such  that  the  uncertainty  in  the  determination  of  the  time  of 
travel  of  the  sound  between  the  speaker  and  the  microphone  has  been  reduced 
to  ♦iusec,  corresponding  to  an  accuracy  of  ♦0.5“C  in  the  determination  of  the 
air  temperature  over  a  range  from  -85®  to*25®C  and  at  a  pressure  of  670  mm  Hg, 


2.  Principle  of  Operation 

The  speed  of  sound  is  given  by  the  equation 
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where  the  quantities  P  ,  P,  and  7  ate  the  ratio  of  the  speGifie  heats,  pres¬ 
sure,  and  density  of  the  fnediuni,  respectively.  If  it  is  assumed  that  the  equation 
of  state  of  the  medium  is  that  corresponding  to  a  perfect  gas. 


P  .  RT 

?  r  , 


and  the  expression  for  the  speed  of  sound  becomes 

/yRT  /7RTo  j 


*  V  *7r 


'7RT 

-TT 


where  is  the  Speed  of  sound  at  zero'C  (273®K). 

The  equation 


may  be  written 


V  *  V  J 

o 


where  $  is  the  effective  distance  between  the  source  of  sound  and  the  receiving 


microphone*  If  the  distance  S  is  held  fixed,  then  the  equation 

S  S  /t 

t ’toy  t; 

becomes 


and  the  absolute  temperature  is  given  by  the  equation 


T 


s 


where  t^,  is  the  time  of  travel  over  the  fixed  distance  S  at  273°K  and  t  is  the 


time  of  travel  at  T“K,  Thus  the  temperat*  re  determinations  is  reduced  to  the 


determiiftatioii  of  the  tems  and  t* 


3.  Calibration 

The  speaker  aGting  as  the  source  of  sound  and  a  miGrophone  were  placed  within 
the  test  Ghamber.  TherfhOGOuples  were  mounted  on  each  wall  of  the  chamber.  Two 
thermoGouples  were  placed  along  the  Sound  path  between  the  Speaker  and  the  micro¬ 
phone,  The  test  Ghamber  was  brought  to  a  temnerature  of  0“C  and  allowed  to  reach 
a  thermal  equilibrium  such  that  the  thermocouples  on  the  walls  of  the  chamber  and 


those  mounted  in  the  air  all  recorded  0®C,  The  time  t  was  then  determined.  From 

o 

this  value  of  t^  and  the  equation 


or 


i 


times  of  travel  corresponding  to  temperature  between  and  -85®C  were  calcu¬ 


lated  and  comoared  with  measured  travel  times  over  the  same  temperature  ranges,  the 


temperature  being  determined  by  the  air  thermocouples.  These  data  are  presented  in 


Fig,  1  and  Table  1*  resnectively . 


TABLE  I 


Pressure- 6 70  mm  Hg 

Acoustic  Thermocouples 


Measurements 

(Observed) 

Average 

t(U  sec) 

T°C  (Calculated) 

Air(°C) 

IVall(°C) 

1308 

25.2 

25.0 

25.0 

1367 

0.0 

0,0 

0.0 

1445 

-28,7 

-28.5 

28,0 

1501 

-46,7 

-46.3 

46.1 

1582 

-69.3 

-68,8 

-66,5 

1650 

-85,7 

-84,1 

-82.0 
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PERIOD  ^4^:  sec) 


4.  Acoustic  Thermometer  Circuits 

A  block  diagram  of  the  acoustic  thermometer  is  Shown  in  Fig*  2^ 

5.  Remarks 

The  acoustic  thermometer  ijerforms  satisfactorily  at  a  pressure  of  670  mm  Hg; 
however,  when  a  pressure  of  the  order  of  1  mm  of  mercury  is  reached,  the  operation 
becomes  unstable  and  erratic.  It  is  hoped  that  these  difficulties  will  be  elimi¬ 
nated  and  that  the  acoustic  thermometer  will  give  accurate  air  temperature  measure 
ments  within  the.  chamber  with  an  accuracy  of  +0.S"C  over  the  entire  range  of  chamber 
temperatures  at  pressures  ranging  from  670  mm  Hg  to  1  mm  Hg. 
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Introduction 

Sono therm  Flight  Unit  (Sec.  II“6,7)  in  the  upper  atmosphere  will  en“ 
counter  air  density,  thermal  and  wind  effects  (Sec.  II“6,  part  5)  which  can 
effect  the  range  and  accuracy  of  liie  acoustic  measurements ^  This  report  sunt^ 
marizes  i^e  e^eriments  performed  in  a  climatic  chamber  in  order  to  determine 
the  magnitude  Of  the  above  effects,  and  relates  the  e^erlmental  results  with 
the  theoretical  predictions » 

2.  General  Testing  Procedure 

Almost  all  of  the  environmental  tests  had  the  same  general  set-up;  only 
1iie  variation  of  environmental  conditions  such  as  pressure>  teimperature  and  wind 
velocity  differentiated  the  experiments.  Normally  only  the  detection  device  con*^ 
slating  Of  the  transducers  and  an  adjustable  rack  mounting  (Fig.  2-^1)  was  sub^ 
j acted  to  the  changing  environment.  The  only  other  equipment  in  the  chamber 
served  to  monitor  temperature  and  wind. 

The  initial  transducer  spacing  was  set  to  a  standard  distance  as  measured 
by  the  standing  wave  frequency.  The  chamber  was  then  sealed  and  the  conditions 
varied.  Thermocouples  monitored  the  tenq>erature  of  the  air  blast,  the  trans^ 
ducer  face,  the  air  directly  behind  the  transducers,  the  air  in  other  parts  of 
the  chamber  and  the  chamber  walls.  A  thermistor  was  used  to  monitor  rapid 
changes  in  the  air  blast  temperature,  and  a  pitot  tube  was  developed  in  order 
to  monitor  the  wind  velocity  of  the  air  blast. 

The  chamber  set">up  was  continually  refined  to  improve  the  reading  accuracy 
and  the  actual  conditions  within  the  chamber. 

The  air  blast  was  controlled  and  directed  by  e  funneling  system  ^d 
directed  perpendicularly  to  the  propagation  peth  of  the  sov^  between  the 
transducers.  Cams  were  designed  to  automatically  control  the  teaperature 
and  press^e  to  simulate  changing  enviroxanental  conditions  such  as  would  be 

ICML 
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encountered  ty  a  balloon  moving  v^iward  through  the  atmosphere  at  a  certain  rate^ 
Section  II,  part  7>summarizes  electronic  circuitry  and  general  testing  pro^ 
Cedure . 


5*  Air  Density  Effects 

As  described  in  Sec.  II--6,  part  5*^^  the  sound  pressure  detected  by  the- 
receiver  transducer  is  a  function  of  the  air  density  (or  atmospheric  pressure), 
the  speed  of  Sound,  and  the  acoustical  Q  of  the  Standing  wave  generated  between 
the  receiVeiv-transmitter  spacing.  At  high  altitudes,  the  acoustical  Q  also 
reduces  due  to  viscosity  effects.  As  a  result,  the  receiver  soimd  in'pssure 
decreases  with  respect  to  altitude. 

In  the  following  sections,  the  expressions  for  the  receiver  soxmd  pressure 
and  acoustical  Q  as  a  function  of  density  and  atmospheric  pressure  are  siinmarized. 
The  theoretical  predictions  are- then  conpared  with  the  actual  expertmental  re^ 
suits. 


3.1  Receiver  SouM  Pressure 


Referring  to  Section  II-6,  part  5.^1>  the  sound  pressure  P^,  eating  on  the 


receiver  face  is  given 

F 

r 


P 

s 


(5-1) 


..•■here  ia  the  sound  poessuxe  generated  at  the  transmitter  fece,  O  Is  ■ 
absorption  coefficient  and  i  is  the  receiver— transmitter  spacing. 

As  shpvm  in  Sec,  II-6,  part  5*52,  the  transmitter  sound  pressure  can  be 
expressed  by 


P 

s 


kp  c  Q. 
o^A 


where 


:3-^) 


k  is  a  proportionality  constant, 
is  the  air  density, 
c^  is  the  local  speed  of  sound,  and 


Q,^  is  the  quality  facto?  o?  Q  of  the  acoustic  standing  tovS* 

From  equations  5^1  and  l^e  receiver  sound  pressure  can  be  eiqpressed  in 

terms  of  the  acoustical  Q  and  air  density 

Pj.  ^  ^PoS%  (5^) 

cosha  i 

The  above  eigpression  can  be  written  in  terms  of  the  atmosphere  pressure  if  it 
is  assumed  that  the  propagation  of  sound  in  air  is  an  adiabatic  process.  For 
this  case  (see  Sec.  part  k.2), 

%  -  (5-^) 

**0 


where  P^  is  l^e  atmospheric  pressxare  said  y  is  the  ratio  of  specific  heat  at 


constant  pressure  to  that  at  constant  volume.  S\;£>stituting  equation 
pQ  in  equation  3*3>  the  receiver  pressure  can  be  expressed  by 


P  s 

r 


b.eoshai 

o 


for 


3 ‘2  Acoustical  ft 


In  the  Sonotherm  system,  the  receiver  sound  pressure  amplitude  is  detected 


as  a  function  of  frequency.  The  acoustical  Q  or  the  qualil^  factor  is  defined 
by  (see  Sec.  II^,  part  U.9) 


2Af 


where  f^  is  the  acoustic  antlresonant  frequency  corresponding  to  a  maximum 
receiver  sound  pressure,  and  2Af  is  the  frequency  bandwidth  about  the  fre>^ 
quency  f^,  where  the  amplitude  reduces  by  a  factor  cf  l/^  2  ^  . 

Referring  to  Sec.  part  U.IO,  the  quali'^  factor  is  a  measure  of 

the  sound  ener^  losses  related  to  the  transducer  geometry,  \4nd,  receiver  face 
rigidity  or  loading,  and  souod  absorption  losses.  It  was  sdso  shown  that  the 
overfall  quality  factor,  could  be  expressed  in  terms  of  quality  factors 
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related  to  the  above  Individual  energy  losses  by  the  ej^ression  (Sec.  11=4, 
part  4.9) 

Q  ^  _ 1 

i_'»L  +  L*i.  (3-7) 

%  %  % 

where  Q„,  and  are  ^e  quality  faetors  related  to  the  transddeef 

geometiyj  wind,  recseiver  loading,  and  sound  absolution  losses,  respeetively. 

Ctoly  the  quality  factors  and  vary  with  density  or  pressure  (&g  1 1=4, fart  4.8) 


- 

b) 

o 

(>4) 

2c  a 

o 

Qr  = 

n  «  Z^ 

T 

(5-9) 

2p  C  S 
•^o  o 

where 


=  acoustic  antiresonant  angular  frequency, 
a  =  sound  absorption  coefficient, 

=  mechanical  impedance  Of  the  receiver'-transducer, 
S  =  effective  surface  area  of  the  receiver  face. 


<5^  and  absorption  coefficient  at  high  altitudes  is  primarily  determined 
by  viscosity  (Sec.  11=4,  part  4.1)  and  thermal  conductivity  effects.  Referring 
to  Huntf*’,  a  good  approxinBition  for  the  sound  absorption  c»efficient  is 


where 


Ti  =  coefficient  of  air  viscosity, 

k  =  thermal  conductivity  of  air 

Cp  =  specific  heat  at  constant  pressure. 

*F.  V.  Hunt.  "Propagation  of  Sound  in  Fluids."  Merican  Institute  of 
Physics  Handbook.  D.  E.  Gray  Oo.=ed.  McGraw-Hill,  1957* 
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From  equations  5*9  and  5*10^  it  follows  tliat  ^  is  proportional  to  the  air 
density '.vlicli  deGreases  with  altitude.  The  egression  fora,  equation  5*10> 
Gan  he  written  in  terms  of  the  atmospheriG  pressure,  F^,  hy  substituting 
equation  5*^  for  F  : 


a 


3«5  PrediGted  Variation 


The  es^eeted  variation  of  the  receiver  sound  pressure  md  aGOustiGal  Q 
as  a  fimctlon  of  air  densi'^  or  atmospheriG  pressure  are  determined  from  the 
expressions  given  in  see.  3*1  and  3*3,  and  from  ]mowi  referenGe  values  at  a 
given  altitude. 

3 •31  AGOustieal  Q 

Assuming  a  Gonstant  deSGent  or  ascent  rate  the  acoustic  Q  will  only  vary 
as  a  function  of  and  Consequencly  (Eq.  3*7)  can  he  expressed  hy 


where 


+  r 


+  1_ 
% 


1_ 

s 
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is  a  constant  value.  The  exqpected  values  of  Q  ,  Q  ,  and  Q  will  now  he  eal-^ 
culated.  The  values  of  Q  ^  as  a  function  of  atmospheric  pressure  are  shown  in 
Table  I  as  calculated  from  equations  3*3,  3*10  or  3-11  end  from  the  '^ical 


conditions  of  the  e^erlments  (room  temperature,  variable  pressure):  * 


7  -  l^iH5 
Cp  =  0.2  cal/g®c 
T|  =  1.83  xc  10”  dynes/sec/cm® 

*L.  L.  Berenck,  "Acoustic.  PrdpertiefjiofeQases."  ihaerican  Institute  of 
Physics  Handbook.  P,  1.  &ay  CoMed.  ^Grawnffi.!!,  1937. 


k  =  5*^  X  10“®  cal/cm  sec  ®G 
u)  =  2ftf 

f  =  2.38  X  10“*  cps 

=  3*^  X  10^  cm/seG 


TABLE  I 


p  (mm  Hg) 

All®ospherJ.c  Presisure 

Q 

66  k 

2.28  X  10^ 

100 

5.k3  X  10® 

10 

3.k3  X  10® 

1 

5.k3  X  10^ 

0.1 

3.k3 

It  should  be  noted  that  the  value  Of  Q  near  room  pressure  (66k  mn  Eg) 
is  approximate  since  molecular  absorption  has  to  be  j^cluded. 

Op  ( iq*  5*^)  t  the  quali^  factor  related  to  the  receiver  loading,  can  be 
determined  from  Eq.  5*^  if  the  mechanieal  impedance  Of  the  receiver  is  known. 
Referring  to  Sec.  II*^>  part  5.5®>  within  the  receiver  mechanieal  bandwidth, 
tae  mechanical  impedance  is  approximately, 


Z 


r 


(3^1k) 


where  u  is  the  angular  frequency,  M  is  the  mass  of  the  vibrating  face  and 
is  its  mechanical  Q.  The  mass  of  the  vibrating  face  is  approximately 

M  =  Spt  (>-15) 

where 

3  -  surface  area  of  the  receiver  face, 
p  =  mass  density  of  the  vibrating  face, 
t  s  thickness  of  the  vibrating  face. 

Substituting  equations  >-lk,  3—15  In  equation  3-9,  the  expression  for  0^ 
reduces  to 

Qp  =  Bxpwt 
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where  the  nieasured  reGeiver  constants  were 


P  =  2.7  ^/c# 

t  =  .078  in  . 

-  10.5 

fable  ll  shows  the  predicted  values  of  0  with  respot  to  alaiospherlc:;  pressure 


fab: 

Le  II 

to  (mm  Hff) 

Qr _ 

66k 

500  3 

100 

2  X  10 . 

10 

2  X  lOg 

1 

2  X  lOg 

si 

2  X  10 

Q  ,  the  constant  quality  factor  as  determined  by  the  transducer  geometry 
s 


and  wind  effects  ( Eq.  3^15) ,  can  be  calculated  by  a  knowledge  of  the  over*ali 
acoustical  Q  (Q^)  at  some  given  altitude.  The  measured  value  of  at  room 
presstnre  (667  ttm  Sg)  was  75  (Sec.  ^.k).  Substituting  this  measured  value  for 


and  the  predicted  values  of  Q^snd  at  room  pressure  from  fables  I  and  i| 
In  Eq.  5-12;  the  value  of  Q  was  approximately, 

o 


^  96.5  (5^17) 

The  expected  values  of  with  respect  to  atmospheric  pressure  (constant 
temperature)  are  shown  In  fhble  III.  ^Qiese  values  were  calculated  by  substi¬ 
tuting  the  value  of  ( Eq.  5-17)  and  the  corresponding  values  of  ^  and 
from  fables  I  and  II.  in  eq.  5-12. 


Table  III 


Fo  (mm  Hg) 

66k 

75 

100 

89.6 

10 

75 

1 

2%k 

.1 

_ -  ■ 
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5*52  Souad  fgess^e 

The  expected  receiver  sound  pressure  variation  ^th  respect  to  altitude 
can  he  determined  from  Equation  3.5  chd  'yie  e:^ected  values  of  shovn  in 
Table  III.  ihe  relative  values  of  the  sound  pressure  (ass\miing  a  constant 
input  to  Idle  tiansmitter^ transducer)  are  shown  in  Table  IV< 


Table  IV 


Atmospheric 
Pressure 
. (»  fig  )  ,.  _ 

Rel.  Sound 
_ Kessure _ 

664 

1 

100 

.18 

10 

.01$ 

1 

$.2  x  10"* 

.1 

6.8  X  lO"* 

3.^  I^erimental  Results 

Various  ei^eriments  were  performed  in  the  climate  chamber  in  order  to 
deteimine  the  variation  of  the  receiver  sound  pressure  as  a  function  of  air 
pressure  or  density  ei^ected  in  the  upper  atmosphere.  In  these  experiments, 
the  air  tenperature  was  kept  constant  (^T^C)  and  the  atmospheric  pressure 
was  reduced.  The  receiver  souid  pressure  was  recorded  as  a  function  of  fre>^ 
quency,  and  the  acoustical  Q  was  determined  from  these  values.  The  receiver— 
traniiiitter  separation  corre^onded  to  oneahalf  wavelength  at  23.8kG,  and  a 
constat  input  to  the  transmitter^transducer  was  maintained. 

Figure  3^1  shows  the  experimental  and  theoretical  variation  of  Idle  acous¬ 
tical  Q  plotted  as  a  fimction  of  atmospheric  pressure.  Hie  discrepancy  near 
room  pressure  is  believed  to  be  due  to  the  fact  '^lat  molecular  absozption  was 
neglected  in  calculating  the  theoretical  value  of  tiie  expected  Q. 

The  predicted  and  actual  variation  of  '^e  receiver  sound  pressure  as  a 
function  of  atmospheric  pressure  is  shown  in  Fig  3»2.  The  sound  pressuure  is 
plotted  relative  to  that  obtained  at  rocm  pressure,  664  lonH  .  At  room  pressure, 

o 

the  soucd  pressure  recorded  was  approximately  3000  dyne  cmr. 


Relative  Sound  Pressure 


Atmospheric  ^rassure  (nmHg) 


Theoretical  Variation 

®  itcperlmental  Residt 

RELmVE  SOUND  PRiSSURE 
vs. 

Al^PHERXC  PRESSURE 
Fig.  3-2 

IObbII 


BQtmdafy  Laver 

!^e  accuz^Gy  of  tie  ^eed  of  soiiDd  nffiasurements  by  the  Sonotherm 
is  prlaarlly  a  function  of  the  theznal  effect  related  to  the  heating  or  Goollng 
of  sta^^^t  l^ers  of  air,  or  themal  boundary  layers,  adjacent  to  the  trans^ 
ducer  faces.  (Sec«  part  3)*‘  Based  on  a  '^eoretlcal  description  of  i^e 
above  effect  (Secs.  1-5)  >  various  eacperlments  were  performed  In  order 

to  verify  the  functional  dependence  of  the  thermal  boundary  layer  and  to  deter^ 
mine  the  error  of  the  i^eed  of  sovind  measurements  resulting  from  the  thermal 
boundary  lay^. 

4.1  General 

As  the  transducers  move  through  the  atmosphere. 


I  Wind 
4-1 


a  stagnant  layer  of  air  Is  formed  adjacent  to  the  transduGer  faces  (Fig.  4-1) 
due  to  the  effect  of  air  viscosity.  Since  the  temperature  of  the  air  medium 
will.  In  general,  vazy,  a  temperature  difference  between  the  air  and  the  trans<-  - 
ducer  faces  will  tend  to  e^st,  and  its  magnitude  will  depend  on  heat  convec'U.on 
between  the  stagnant  layer  of  air  and  the  transducer  faces  (See  Sections  1-3^  I«<^) 
Due  to  this  temperature  difference,  the  stagnant  li^er  tends  to  be  heated  or 
cooled,  and  Its  tenperature  will  not  correspond  to  that  of  air  medium.  Qonse- 
quently,  since  the  Sonotherm  samples  the  ^peed  of  somd  In  the  air  mtedlum  be» 
tween  the  transducer  faces,  an  error  will  result  in  the  speed  of  sound  measurement 
4.2  Theoretical  Relations 

If  the  air  between  ’^e  transducer  faces  is  at  a  uniform  tenperature  cor- 
respondlz^  to  that  of  the  undisturbed  air  medium^  the  acoustic  antlresonant 


10-32 


frequency  corresponding  to  a  inaxitnum  receiver  sound  pressure  and  a  inaximum 
receiver  output,  is  (Sec.  11-6,  part  4.7) 


tdiere  n  is  the  nuaber  of  half  wavelengths  between  the  receiver-transniltter  sepa¬ 
ration,  i,  and  is  the  speed  of  sound  of  the  undisturbed  mediia.  However,  as 
described  in  Section  1—5,  part  4.2,  if  a  small  tengjerature  difference  exists  be¬ 
tween  the  air  and  the  transducer  faces,  and  if  the  thermal  boundary  layer  is 
less  than  the  separation  between  the  tr^sducer  faces,  the  acoustic  antiresonant 
frequency  will  be 


idiere 

=  thickness  of  the  thermal  boundary  layer, 

=  transducers 'face  ten^erature  . 

=  air  temperature 

The  thermal  boundary  layer  corresponds  approximately  to  the  thickness  of 
the  stagnant  layer  of  air  \Axeve  the  temperature  varies  from  the  air  tempera^ 
ture  to  the  face  of  the  transducer*  Referring  to  Sec.  1—5,  the  thermal  boundaiy 
layer  is  given  approMmateiy  by 

/  =  i^) 

^  t  (TO  " 

Where  ^  is  the  dynamic  viscoai-^,  is  the  prantle  ninnber,  p  is  the  air  densiiy, 
u  is  the  stream  veloci^  of  the  air  medium  with  reject  to  the  transducers,  and 
X  is  the  distance  measured  along  the  transducer  face  from  '^e  air  intake  (see 
Fig.  4-i). 
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Rpom  equations  and  4*2,  the 
from  the  thermal  boundary  layer  is 

A  f 


error>  Af  =  f^  *  t,  resulting 


1--K. 


where 

If  <i.andT„  ^  the 


K  = 


frequency  error  is  ai^roxiaately> 


Af  = 


iT. 


where  AT .  =  T.,  “•  T^* 
g  w  o 

If  f^  corresponds  to  the  frequency  of  the  actual  undisturbed  air  teaper* 
ature  and  f  corresponds  to  the  frequency  of  the  apparent  temperature  T  as 
detextoined  by  the  unCorrected  e^qpresSion, 

f  '  <1  ’  (M) 

the  tenperature  error  measured  by  the  Sonotherm  is 

AT  =  T*^T^  (1^7) 

From  equations  4^1  and  4^^  and  since  the  speed  of  sound  is  proportioneil 
to  the  square  root  of  the  tenperature,  the  frequency  Af  is  related  approximately 
to  the  teBperature  error^  AT^  by 

Af  »  f 

”~2T^  o 

Q 

if  the  temperature  difference  AT  is  small  compared  to  T^*  From  equations 
and  4^,  it  follows  that  the  temperature  error  AT,  resulting  from  the  temperap- 
ture  difference  between  the  air  and  the  transducer  faces,  aT„,  Is 


Gonsequently,  the  teiitpei*ature  eftor  ineasured  by  the  Sbnotherm  is  small  if  the 
theinal  boiindaiy  layer  is  small  conqsared  to  i>  the  receiver«transmitter  separa« 
tion,  and/or  by  deereasing  the  ten5)erature  differenee  ( tenq>erature  lag) 

O 

between  the  air  and  the  transduGer  faees. 

4.5  Test_Deseribtlon^^d  „]PrQGed\^e 

Various  ej^eriments  were  performed  in  the  environmental  Ghaafiber  not  only 
to  verify  tha  theoretieal  relationships  deseribed  in  the  previous  seetion,  but 
also  to  deteimine  the  actual  error  of  the  e^erimental  Sonotherm  deviee  resulti-' 
ing  from  the  thermal  boundary  layer. 

In  order  to  aGGoi^llsh  the  above  obJeGtives,  the  Sonothem  deviee  was 
tested  at  various  atmospheric  pressures,  and  wind  veloGities*  The  air  ten5)er^ 
ature  Mas  rapidly  varied  in  order  to  establish  a  temperature  difference  between 
the  transduGer  faces  and  the  air  tenperature,  and  the  aeoustie  antiresonant 
frequency  was  recorded  as  a  function  of  the  transducer  face  and  air  temperatures 
Hgure  4-e  shows  the  ej^erimental  set\p  in  the  environmental  chamber,  in 
order  to  supply  a  steady  air  flow  between  the  transducer  faces,  the  air  Supply 
sent  to  the  chamber  was  conpletely  sealed  off  exc^t  for  em  area  covered  with 
an  air  duct.  The  air  duct  directed  the  air  flow  (generated  by  a  fan  capable  of 
operating  at  two  speeds)  paurallel  to  the  transducer  faces  and  normal  to  ^^e 
soimd  propagation,  and  a  pitot  tube  was  used  to  measure  the  air  velocity* 

In  order  to  produce  large  tamperature  differences  between  the  air  and 
'^e  transducers)  the  transducers  were  covered  with  an  Insvilating  cover  ^ile 
the  outside  air  temperature  was  rapidly  varied.  \^n  the  desired  temperature 
difference  was  established,  the  cover  on  the  transducers  was  lifted  mechanically 
Measurements  were  then  performed  as  a  function  of  the  temperature  difference  be«^ 
tween  idie  air  and  the  transducer  faces.  Various  theimocouples  and  a  thersdstor 
were  used  to  measure  the  transducer  face  end  air  temperatxires. 


THiRMISTOR 


SONOTHiRM  TR-21  STANDING  WAVE  TRANSDUCERS 
AND  ASSOCIATED  TEST  EQUIPMENT 


FIG.  4*2 


Experimental  results  and„Yeri^Ga,tlQn» 

A  series  of  eiqpefimeats  were  first  performed  in  ordef  to  verify  the 
functional  dependenGe  hetween  the  aeoustic  antiresonant  frequen(^  error,  At, 
the  air  density,  ^nd  velocity,  and  the  tenperature  difference,  AT^,  'betweea 

O 

the  air  and  the  transduGer  faces .  I^m  equation  this  funeldonal  d^ei>“ 
deace  can  he  e^ressed  by  the  proportionaliiy, 

-■At.  »  Jh- 

i 

If  the  reeeiver-tranad.tter  spacing  and  air  tejaperature  are  approximately  con^ 


stant,  the  above  proportionality  reduces  to 


Af 


AT, 


g 


(U^IO) 


\Aiere  is  the  atmospheric  pressure  and  u  is  the  wind  velocity.  ®ie  above 
ea^ression  follows  from  equatiGn  1H5>  the  ideal  gas  law,  and  the  fact  that  the 
air  viscosity  is  only  a  fimction  of  the  air  tenperatxnre  which  is  assumed  con^ 


stant. 

The  proportionali’ty  given  by  equation  km-XO  was  verified  by  recording  the 
frequency  error  A  f  as  function  the  temperature  difference  AT_  under  different 
conditions  of  atmospheric  pressure  and  wind  velocity.  Table  V  shows  a  summary 
of  the  experimental  resiiLts. 


Mle  1 


Air  Velocity  (Ft/sec) 

Atmospheric 
Pressure  (mmEK) 

Af/AT^ 

1012 

i^.5 

100 

26.2 

ion 

11 

100 

l6 

1008 

6.6 

m 

8.6o 

1010 

ko 

66k 

5.65 

Ihe  resulting  ratios  Af^T  are  in  fair  agreement  with  equation  4«10. 

g 

For  example,  conparing  the  experiments  at  different  wind  velocities  and 
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constant  atino spheric  pressure,  the  ratio  of  at  6.6  ft/ sec  to  that  at 

4o 


sec  and  6m  mmlg  vas 


^Af/Af^  6.i 


ko 


|664am^ 


=  2.1 


At  100  mnHg,  the  ratio  was 


^Af/AT^  k. 


54 


^  1.6k 


U 


100 


According  to  equation  4^10  and  the  values  of  the  air  velocities  shoim  on 
fable  V,.  the  above  corresponding  ratios  should  theoretically  be 


(Af/AT^  6.i 


^Af/AT^  40 
(Af/Af^  4.54 


664  anfig 


2*46 


=  1.56 


(At/AT^ 


11 


llOO  BjijHg 


Thus,  the  theoretical  and  actual  results  are  in  fair  agreement.  In  the  same 

manner,  the  effect  of  atmospheric  pressure  can  be  determined  ty  comparing  the 

ratio  of  Af/AT  of  exp.  No.  1012  to  that  of  escp.  No.  1008,  and  the  ratio  of 

g 

of  Af/AT  of  03^*  No.  1011  to  that  of  e^qp.  No.  ICELO.  The  actual  ratios  were: 
-  g 


[At/AT^ 


(at/ai^ 


lOOBBflg,  4.54  ft/sec 

- - -  ^  5*05 


664mmHg,  6.6  ft/sec 


IQOmmHg,  11  ft/sec 


4.38 


664mmHg,  4o  ft/sec 


From  equation 


the  theoretical  ratios  are 


100  ffimHg,  4*5^  ft/ sec 


664  mmEg,  6.6  ft/sec 


loo  isnHg,  11  ft/ sec 


664  mmHg,  40  ft/sec 


5.12 


4.92 


Cornering  the  ratios  given  hy  equations  ^5  and  ^14,  it  can  he  se^  .that  the 
actual  results  are  in  fair  agreement  with  the  theoretical  results. 

A  second  series  of  ejqperiments  were  performed  in  order  to  determine  the 
temperat\H*e  error  of  the  Sono therm  device  as  a  function  of  thermal  boundary 

,  I  I  * 

layer  and  the  temperat\ire  difference  between  the  air  and  the  transducer  faces 
A  typical  result  is  shown  in  Fig.  4^5.  The  actual  temperature  error  at  (the 


difference  between  the  air  tenperatiire  and  the  ten^perature  predicted  from 


acoustic  antiresonant  frequency)  is  plotted  as  a  function  of  the  temperature 
difference,  or  lag,  between  the  air  and  the  transducer  faces,  AT  ,  for  the 

O 

conditicDS  specified  in  the  figure,  ^e  average  slope,  aT/aT  >  is  appro3d,« 

D 


at/at  =  0.45  (i<-15) 

Since  the  tesg>erature  difference  AT  is  small  compared  to  the  pbsolute 

s 

air  temperature,  the  above  ratio  is  related  to  the  thermal  bomdary  layer 
and  the  receiver>^transmitter  separation,  £,  by  equation 


TEMPERATURE  ERROR  vs.  TEMPERATURE  LAG 


(  fiG. 


The  above  ratio  Gan  be  oalGulated  since  the  boijndary  layer  can  be  apfroxi— 
isiately  determined  from  equation  k-^3  and  the  separation  £  was  known.  From  the 
actual  conditions  of  the  ei^eriment^ 

*u  =  1.4174  X  10“^  dyne  sec/cm® 

*fr  =  0.739 

X  =  3 ‘18  cm 

u  =  155  cm/sec 

£  =  1.59  cm 

P  ^  1.9317  X  10’"^  gr/cm? 

\diere  the  value  of  x  was  .assumed  to  correspond  to  the  diameter  of  the  transducer 
face.  From  the  above  values  and  equation 

=  0.657  cm 

Substituting  the  above  value  of  and  £  in  equations  4-<‘-l5  and  4»16,  the  calcu^ 
lated  value  of  4T/at  is  0.413^  which  is  in  fair  agreement  with  Ihe  actual 

o 

measured  values. 

4.5  Temperature  Lag  of  Transducers 

As  seen  in  the  previous  section,  the  temperature  error  of  the  Sonotherm 
resulting  from  the  thermal  boundary  layer  is  depradent  on  the  magnitude  of  the 
temperature  lag  of  the  transducers  or  the  temperature  difference  between  the  air 
and  the  transducer  faces.  The  tenperature  lag  is  a  function  of  the  thermal  pro^ 
perties  of  the  air  and  of  the  transducers,  and  the  rate  of  ascent  or  descent  (see 
Sections  •  In  order  to  determine  the  magnitude  of  the  tenperattu'e  lag, 

the  transducers  idiere  subjected  in  the  environmental  charter  to  the  temperat^es 
and  pressures  encountered  by  a  ballootHbome  instrument  ascending  at  a  rate  of 


*R.  J.  List..  "Meteorological  Data."  American  Institute  of  Physics 
Handbook,  D.  E.  Gray  Coi^.  McGraw  Hill,  1957. 
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1000 


ft/mlBi 

Figure  ^4-4  presents  the  results  of  such  a  testi  The  air  and  the  transducer 
face  tenperature  Is  plotted  as  function  of  atsiospherlc  pressure «  fhe  maximum 
teaperature  difference  between  the  air  and  the  transducer  faces  was  about  3“C 
to  atmospheric  pressures  of  37  amHg  (60,000  feet).  This  would  result  in  a 
calculated  te^erature  error  of  aj^roximately  1  degree.  ®ie  results  are  in  fair 
agreement  with  theoretical  calculations  (Section  althou^  the  air  velocity 

in  this  e^eriment  could  not  be  controlled  exactly. 

The  thermal  lag  at  lower  atmipi^herlc  pressures,  corresponding  to  altitudes 
above  60,000  feet,  was  txst  investigated  since  the  taoiperature  readings  of  *^0 
theimocovples  hecome  undependable  due  to  radiation  effects .  A  more  reliable 
acoustic  method  for  tenperature  measurements  inside  the  climatic  chanher  is 
presently  under  development  ( Section  II-9) . 

As  mentioned  in  Section  I'^,  the  temperature  lag  of  the  transducer  faces 
can  be  minimized  by  reducing  their  heat  capacity  by  increasing  the  ratio  of 
their  surface  area  to  thickness  dimension. 

5.  Wind  Effects 

Two  wind  effects  (Section  part  3)  on  the  SOnotherm  were  investigated: 

(a)  The  variation  of  acoustic  Q  with  respect  to  wind  velocity  and  (b)  the  vari« 
ation  of  the  noise  level  as  a  fvuiction  of  wind  velocity.  These  experiments  were 
conducted  in  a  wind  tunnel  (located  at  White  Sands  Missile  Range)  ihere  the  wind 
veloci’^  could  be  vsuried  and  accurately  measured. 

5fl  Acous^^cal  Q 

As  shown  previously  in  part  3.i>  the  acoustical  Q  of  the  standing  wave, 

Q  ,  varies  as  ( eipation  3^1) 

% - L -  (M) 

1_+1_+1_+1_ 

S  ^  ^  ^ 
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where  ^  and  are  -toe  qualily  factors  related  to  the  acoustic  eaerfflf 
losses  resulting  from  the  transdiicer  geometry>  vLiid^  receiver  loading  and  sound 
ahsorption  losses,  re^ectively. 

The  acoustic  ener^  losses  resulting  from  the  wind  stem  from  the  fact 
that  the  air  flow  (assumed  parallel  to  the  transducer  faces)  removes  part  of 
the  acoustic  energy  (Section  part  U.9)*  As  a  result,  the  Q  of  the 
acoustic  standing  wave  is  reduced. 

In  the  experiments  performed,  all  parameters  were  kept  constant  except 
the  magnitude  of  -the  wind  velocily^  Referxfdng  to  equation  >“7>  the  variation 
of  the  acoustic  Q  can  he  assumed  to  he 


is  constant.  The  variation  of  with  respect  to  wind  velocity  can  he  detei>- 
mined  from  the  hasic  definition  of  q  (Section  li^,  part  4.9) 


0-2*  Energy  stored 
w  Energy  lost/  (^cle 


Assuming  that  the  energy  loss  to  he  small. 
Energy  stored  = 

Ehergy  lost  ^  EV^ 


idiere 


E  s  energy  density  hetween  the  faces 

s  volume  hetween  the  faces  of  the  transducers,  and 
V.  »  displaced  volume  containing  energy  lost  due  to  the  wind. 


ia«e4 


Figure  shows  the  volume  V.  enelosed  hy  the  Gircular  faces  of  laie  TR^l 
transducers,  and  the  Voltme  V«  (l^e  difference  between  the  solid  and  dashed 


at  ae^s'fcle  enerov  dlsDlaced  tv 


Fig. 

the  air  flow  assumsd  parallel  to  the  transducer  faces  The  distance  x  corre«» 
sponds  to  the  lateral  displacenent  of  the  plane  wave  by  the  wind  during  the 
t^e  interval  when  it  is  propagating  from  the  transmitter  to  the  receiver.  If 
c  is  '&e  speed  of  sound  and  v  is  l^e  wind  velocity,  the  displacesiant  x  is 

X  ®  hv/c  (5^) 

where  h  is  the  sepsurstion  between  the  transducers.  The  volume  is 

Yj  .  A^h  (5.5) 

where  is  surface  area  of  the  transducer  faces; 

-  xa^,  (M) 

and  "a"  is  the  radius  of  the  face*  the  volume  containing  the  energy  lost  is 


is  the  shaded  area  (fig  5^1)  outside  the  receiver  face  and  is  ’^e 
area  of  the  segment  defined  by  the  intersection  of  the  dashed  and  solid  circles. 
The  area  of  the  segment  is* 


A_  m  a^COS”^  (x/2a)  —  1/2  X 
8 


Frcm  equations  5^^  5“5i  and  5*^7  the  energy  stored  is 


Bsergy  stored 


EA^ 


the  energy  lost  is 


Energy  lost  « 


If  X  is  the  wavelength  of  sound,  the  energy  lost  per  cycle  is 

BA.h  /  \\ 

Biergy  lOst  per  J^le  =  -  ■  *-■  \^)  ~  (5*^12) 

since  h,  the  receiver  transnltter  separation,  corresponds  to  an  integral  nuniber 
n  of  half^wavelengths. 


from,  equations  >4.0  and  5-^11,  the  quality  factor  is 


2icn 


Strati tuting  equations  and  for  A^  and  A^,  and  equation  for  x, 

the  quality  factor  as  a  fimction  of  wind  veloci^  is 


Sr  - 


2xn 


*a‘ 


.2  _  o»2p«»-l  to 


er  ^  2a^Cos 


If  the  wind  velocity  is  less  ttan  the  speed  of  sound,  the  above  expression  reduces 
to 

Q..  ^  ' 


* Rinehart  MathematiceLL  Tables,  "Fornilas  and  Curves",  Rinehart  and  Co.,  Inc. 
Hew  York,  1957. 


Acoustical  Q 


values  used  in  the  experiment  were  as  fdllovs: 
a  =  0.631  in. 
h  =  5/2  at  22615  cps 
a  =  5 


Suhstituting  the  above  values  in  equation  5*1^>  the  value  of  as  a  function 
of  wind  velocity  was 


3.37  X  10 

V 


4 


Where  v  is  in  nph.  At  zero  wind  velocity,  the  overall  Q,  was  k3i  Thace^ 
fore,  from  equations  5^1  and  5^16,  the  variation  of  the  overall  acoustic  Q  was 


_  1 _ 

.  . ~ 

~TS  5.3  X  10* 


(5»1T) 


Figure  5~2  shows  the  actual  and  theoretical  variation  of  the  acoustic  Q 


5nl7.  Giood  agreement  was  obtained  between  the  theoretical  and  measured  results 
except  for  wind  velocities  greater  tihan  45  mph  where  turbulence  occurred. 


5.i  Noise 

In  Gonjunction  with  the  above  es^eriments  lAxere  the  variation  of  the 
acoustical  Q  was  measured  as  a  function  of  wind  veloci1^>  the  receiver  noise 
was  also  measured. 

As  previously  mentioned  in  Section  part  If  the  wind  flow  past 

l^e  transducer  faces  is  laminar^  the  noise  detected  the  receiver  will  be 
due  mainly  to  the  thermal  agitation  of  the  air  molecules.  However,  once  the 
air  flow  becomes  turbulent,  the  noise  increases  irapidly  as  a  functioi  of  td^nd 
velocily. 

Figure  >-3  Shows  the  noise  (dynes/cm^)  detected  by  the  TR^l  receiver 
transducer  as  a  function  of  wind  velocity  (room  teaperature  and.  pressure) • 
Above  43  itph,  the  wind  flow  became  turbulent  and  receiver  noise  increased 
rapidly.  Below  this  velocity,  the  noise  was  negligible  as  theoretically  pre^i^ 
dictedo  Besides  the  degree  of  siirfhce  roughness,  the  transition  wind  velocity 


Wind  Velocity  (MlleB  Per  Hour) 
Fig.  5-5 


is  related  to  the  Reynolds  nuDber  ^f^ch  .  is  proportional  to  the  air  density  and  the 
distance  from  the  leading  edge  of  ^e  air  intake  (Section  II-6,  parts  3 >22, 

3.23)^  ^erefore,  the  Sonotherm  is  capable  of  operating  tmder  Id-gh  wind  y^o- 
cities  in  the  tpper  atmo^l^re  where  tl^  air  density  is  reduced. 


lO^ 


6i  Conclusion; 


The  overall  ^stem  meets  the  theoretical  e^ectations  as  evldient  in  the 
preceding  discussion#  Various  improvements  \diich  wili  improve  its  operation 
are:  (a)  increasing  the  mechanical-^electrical  hmadi^dth  of  the  transducers  in 
order  to  insure  the  predominance  of  the  acoustical  signal  variation  with  respect 
to  frequency;  (h)  developo^t  of  a  more  sensitive  >  wide-haad  receiver  in  order 
to  Increase  the  operating  altitude  range;  (c)  decreasing  the  operating  frequency 
range  in  order  to  reduce  soiind  ahsoz^tion  and  dispersion  effects j  (d)  mounting 
the  transducers  such  that  their  sQ>aration  is  not  effected  by  temperature  changes; 
and  (e)  reducing  the  heat  capacity-  of  the  transducer  faces  in  order  to  minimize 
thermal  boundazy  layer  effects. 

As  Indicated  from  the  experimental  results,  the  ultimate  objective  of  the 
Sonotherm  ^stem  performing  acoustic  measurements  in  the  ipper  atmosphere 
is  feasible,  and  indications  thus  far  do  not  point  to  any  serious  obstacles  in 
its  future  development. 
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IV.  Future  Research  arid  Developmerit  Plans 

The  major  effort  will  be  conGentrated  toward  the  completion  of  the 
Sonotherm  system  utilizing  balloon-borne  instrumentation.  Completion  of 
the  Sonotherm  system  will  require; 

1.  Final  design  and  construction  of  the  Sonotherm  flight  unit; 

2.  Adapting  the  flight  unit  to  the  meteorological  Rawin  set  OMD-l 
telemetry  system  available  at  Schellenger  Research  Laboratories; 

3.  Final  design  and  construction  of  the  Ground  Detection  System; 

4s  Calibration  and  environmental  testing  of  the  flight  unit; 

5.  Actual  flight  tests  up  to  altitudes  of  90,  000  feet. 

At  the  same  time,  theoretical  and  experimental  studies  will  continue 
with  the  aim  of  determining  the  maximum  amount  of  information  about 
the  atmosphere  from  acoustic  measurements,  improving  the  accuracy  and 
range  of  the  Sonotherm  system,  and  investigating  other  acoustic  techniques 
and  devices  for  performing  accurate  acoustic  measurements  in  the  upper 


